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ABSTRACT 

R e c e n t   d e v e l o p m e n t s   i n  mathematical models f o r  the 

human  manual c o n t r o l  system are  r e v i e w e d  and e v a l u a t e d  as 

p a r t  o f  a s t u d y  o f  the  f i e l d  of b i o l o g i c a l  c o n t r o l  systems. 

A p p l i c a t i o n  of c o n t r o l  models  f o r  i n v e s t i g a t i o n  of t h e  

" f i n e   s t r u c t u r e ' '  i s  stressed, ra ther  t h a n  human e n g i n e e r i n g  

a s p e c t s .   E v i d e n c e  for a n d   a g a i n s t  d i s c r e t e  models of' t h e  

human o p e r a t o r  i s  p r e s e n t e d   a n d  a number of s u c h  models  

a r e  c o m p a r e d .   T h e   a c l a p . t i v e   c h a r a c t e r i s t i c s  of t h e  o p e r a t o r  

and two b a s i c  m o d e l l i n g  approaches are  p r e s e n t e d   a n d   s e v e r a l  

models  1-eviewed. Detailed d i s c u s s i o n  i s  I n c l u d e d   o n  

c o r r e l a t i o n  o f  m a n u a l   r e s p o n s e  c h a r a c t e r i s t i c s  and  physio-  

l o g i c a l  data  f o r  m u s c l e ,   l e a d i n g  t o  mode l s  Lnor the 

p o s t u r a l   c o n t r o l   a n d   v o l u n t a r y   c o n t r o l  system i n t e r a c t i o n s .  
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SUIYIMARY 

A s  part of a c r i t i c a l  review of t h e  e n t i r e  f f e l d  

o f  b i o l o g i c a l   c o n t r o l  systems, t h i s  r e p o r t  deals w i t h  

r e c e n t   d e v e l o p m e n t s   i n  t h e  area of m a n u a l   c o n t r o l .  It i s  

conce rned  w i t h  systems a n a l y s i s  models  f o r  m a n u a l   c o n t r o l ,  

and  t h e  attempts t o  more f u l l y   e x p l a i n  the b i o l o g i c a l  

o p e r a t i o n   t h r o u g h   s e r v o a n a l y s i s   a n d   c o m p u t e r   s i m u l a t i o n .  

The r e p o r t  d o e s  R o t  deal  w i t h  t h e  ''human e n g i n e e r i n g "  

a s p e c t s  of m a n u a l   c o n t r o l ,   s u c h  as d i s p l a y - c o n t r o l  

c o n l p a t a b i l i t y  o r  system e q u a l i z a t i o n .   T h e  enphasis i s  on  

r e c e n t  ( p o s t  1957) development  of more s o p h i s t i c a t e d  

m a t h e m a t i c a l  models  t o  d e s c r i b e  and  p e r h a p s  e x p l a i n  some 

o f  t h e  " f i n e   s t r u c t u r e "  ir? c o n t r o l  of m a n u a l   r e s p o n s e s .  

T h e s e  models  f a l l  p r f m a r i l y  i n t o  t h e  b a s i c  r e s e a r c h  c a t a g o r y  

r a t h e r  t h a n  a s  g u i d e l i n e s  for man-machine i n t e g r a t i o n .  

A number of  models d e a l i n g  w i t h  d i s c r e t e   a s p e c t s  of  

human r e s p o n s e  a r e  r e v i e w e d   a n d   e v a l u a t e d .   T h e  research  

of Bekey, Lemay and   Wes tco t t ,   Young ,   Navas ,   E lk ind ,   Raou l t  

a n d   N a s l i n ,   a n d  Pew i s  examined i n  d e t a i l ,  a n d   s e v e r a l  

c a u t i o n a r y   c o m m e n t s  are i n c l u d e d   c o n c e r n i n g  t h e  l i m i t a t i o n s  

of sampled  data  models .  



The a d a p t i v e  charac te r i s t ics  of m a n u a l   t r a c k i n g  a re  

also e x p l o r e d  i n  some d e t a i l ,  and  t h e  c u r r e n t  s t a t e  of 

h y p o t h e s e s   a b o u t  t h e  a d a p t i v e   m e c h a n i s m  i s  i n v e s t i g a t e d .  

R e c e n t   e x p e r i m e n t s   p e r t a i n i n g   t o   a d a p t a t i o n   t o   i n p u t ,  

c o n t r o l l e d   e l e m e n t   a n d  tasks a r e   c o n s i d e r e d ,  as  well a s  

t h e   q u e s t i o n  of  limits of c o n t r o l l a b i l i t y   a n d   m e a s u r e s  

of a d a p t a t i o n .   " M o d e l   r e f e r e n c e "   a n d   ' ' e r r o r   p a t t e r n  

r e c o g n i t i o n "  c l a s ses  o f  a d a p t i v e   m o d e l s  are  i n t r o d u c e d ,  

and t h e  r e l e v a n t  work of  Knoop  and Fu, Raoult and   E ik ind  

i s  d i s c u s s e d .  

The t h i r d  ma jo r  area t rea ted  i n  t he  r e p o r t  i s  t h e  

development  o f  mathematical m o d e l s   c o r r e l a t i n g   p i l y s i o l o g i c a l  

ev fdence   on   musc le  a n d  m u s c l e   s p i n d l e s   w i t h   m a n u a l   r e s p o n s e  

t o  a v a r i e t y  of  v i s u a l   a n d   f o r c e   i n p u t s   a n d   e y e - h a n d  

c o o r d i n a t i o n .   T h e  work o f  S t a r k   a n d  his coworke r s  i s  

r e v i e w e d   i n  d e t a i l ,  l e a d i n g  t o  models  o f  the m o t o r   c o n t r o l  

system showing t h e  i n t e r a c t i o n  of' t h e  p o s t u r a l  a n d  

v o l u n t a r y   c o n t r o l  systems. 
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DEVELOPMENTS I N  MANUAL CONTROL 

I. INTRODUCTION 

T h e   a s p e c t s  o f  m a n u a l   c o n t r o l   d i s c u s s e d   i n  t h i s  

r e p o r t  are  conce rned  wi th  a d e s c r i p t i o n  of  t h e  

c h a r a c t e r i s t i c s  of t h e  human o p e r a t o r   i n  a c o n t r o l  task. 

I n   g e n e r a l  t h e  human i s  i n v o l v e d   i n   v i s u a l - m a n u a l  

t r a c k i n g ,   i n   w h i c h  h i s  task i s  t o   m a n i p u l a t e  a manual 

c o n t r o l  s t i c k  i n  a c c o r d a n c e  with i n p u t   i n f o r m a t i o n  

p r e s e n t e d  t o  him t h r o u g h  a v i s u a l  d i s p l a y .  

Of a l l  t h e  b i o l o g i c a l   c o n t r o l   s y s t e m s   c o n s i d e r e d  

i n  t h i s  review, the m a n u a l   c o n t r o l   s y s t e m  has been  t h e  

s u b j e c t  o f  t h e  most i n t e n s i v e   s t u d y  by i n v e s t i g a t o r s  

f rom t h e  f i e l d s  of p s y c h o l o g y   a n d   e n g i n e e r i n g .   T h e  

r e a s o n  Tor  t h i s  a t t e n t i o n  stems f rom t h e  p r a c t i c a l  

i m p o r t a n c e  of u n d e r s t a n d i n g  the r o l e  o f  t h e  human 

o p e r a t o r   i n  a closed l o o p  c o n t r o l  t a s k .  T h u s ,   d r i v i n g   a n  

a u t o m o b i l e ,   c o n t r o l l i n g  t h e  p o s i t i o n  o f  a m i l l i n g  

m a c h i n e ,   a i m i n g   a n   a n t i - a i r c r a f t   g u n ,  o r  l a n d i n g  a n  
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a i r p l a n e  on t h e  deck of a n  a i r c r a f t  car r ie r ,  are a l l  

i m p o r t a n t   p r a c t i c a l   s i t u a t i o n s   i n  which t h e  v i sua l -manua l  

c o n t r o l  c h a r a c t e r i s t i c s  of  the  human o p e r a t o r  a re  of 

c r u c i a l   i m p o r t a n c e  to t h e  s u c c e s s f u l   p e r f o r m a n c e  of t h e  

man-machine system. 

T h e   i n t e r e s t s  of  p s y c h o l o g i s t s   i n  t he  manual  

t r a c k i n g   p r o b l e t n  dates back  many years t o  t h e  e a r l y  

s t u d i e s  of r e a c t i o n  t ines  and simple t r a c k i n g .   T h e  

c o n t r i b u t i o n  o f  e n g i n e e r s ,   a n d   i n   p a r t i c u l a r   c o n t r o l  

e n g i n e e r s ,  dates  to World War 11, i n   c o n n e c t i o n  141th 

s t u d j e s  of t h e  a b i l l t i e s  o f  a g u n n e r  to o p e r a t e  as  p a r t  

o f  a f a s t  f i r e - c o n t r o l  system. The f i r s t  Z e n u i n e   u s e  o f  

se rvomechan i sm  theo ry  t o  d e s c r i b e  t h e  h u r n m   o p e r a t o r  

was by T u s t i n   i n  1944 (77 ),  when he d e s c r i b e d  the 

i n p u t - o u t p u t   r e l a t i o n s h i p  of  a man 3.n terms of  l l n e a r  

o p e r a t o r s   a n d  ar, a d d i t i v e   " r e m n a n t "  of n o i s e  a t  t h e  

o p e r a t o r ' s   o u t p u t .   U s i n g  t h e  d e v e l o p i n g   n o t i o n s  of 

s e r v o m e c h a n l s r n   s y n t h e s i s ,   a n d   i n   p a r t i c u l a r   " p r o p o r t i o n a l  

p l u s   d e r i v a t i v e "   c o m p e n s a t i o n ,   S o b c z y k   a n d   P h i l i p s  ( 6 5  ) 

d e t e r m i n e d  the o p t i m u m   " a i d i n g   C o n s t a n t ' '  for lead 

compensa t ion  for u s e  by t h e  human o p e r a t o r   i n   c o n t r o l l i n g  

t h e  p o s i t i o n   a n d   v e l o c i t y  of a gun.  

4 



F o l l o w i n g  t h e  war a n u m b e r   o f   i n d e p e n d e n t   t h o r o u g h  

i n v e s t i g a t i o n s  were ca r r i ed  o u t  t o  d e t e r m i n e  the 

" q u a s i - l i n e a r "  models of the human o p e r a t o r   i n  a t r a c k i n g  

loop .   The  b lock  diagram of Fig.  1 i s  r e p r e s e n t a t i v e  of 

t h e  form a s s u m e d   f o r  a l l  these i n v e s t i g a t i o n s .   T h e  

q u a s i - l i n e a r   d e s c r i p t i o n s  may b e  d e f i n e d  as t h e  "best  

f i t "  l i n e a r   m o d e l  of t he  human o p e r a t o r  for a g i v e n  

c o n t r o l  task,  i n  which t h e  fo rm of t h e  i n p u t   s i g n a l   a n d  

t h e  n a t u r e  of t h e  c o n t r o l l e d   p r o c e s s  a re  s p e c i f i e d .  For 

d i f f e r e n t   i n p u t   s p e c t r a  or c o n t r o l l e d   p r o c e s s  or t a s k  

s p e c i f i c a t i o n s ,  t h e  model t akes  on a d i f f e r e n t   t h o u g h  

s t i l l  l i n e a r   r e p r e s e n t a t i o n ,   t h e r e b y   a c c o u n t i n g  f o r  t he  

name q u a s i - l i n e a r .   S i n c e  these m o d e l s   d o   n o t   a c c o u n t  f o r  

a l l  t h e  manua l   ou tpu t   mo t ion  o f  t h e  human o p e r a t o r ,  

u s u a l l y  a remnant  term i s  a d d e d  t o   a c c o u n t  for t h e  o u t p u t  

" n o i s e "   n o t   c o r r e l a t e d  w i t h  t h e  i n p u t   s i g n a l .  Most o f  

t h e  q u a s i - l i n e a r   m o d e l s  may b e  c a s t   i n  t h e  fo rm 

Ke-tdS(TLs + 1) 

(TNs + 1) ( T I S  + 1) 
H ( S )  = 

T h i s   e x p r e s s i o n   r e p r e s e n t s  t h e  q u a s i - l i n e a r   d e s c r i b i n g  

f u n c t i o n  of t h e  human o p e r a t o r  from o b s e r v e d  e r r o r  a s  

a n   i n p u t   t o   d i s p l a c e m e n t  o f  t h e  c o n t r o l  s t i c k  as t h e  

5 
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o u t p u t .   T h e   g a i n  K and  the  lead and lag time c o n s t a n t s  

TL and  TI, are  g e n e r a l l y   c o n s i d e r e d  to be v a r i e d  

a c c o r d i n g  t o  the c o n t r o l  task t o  y i e l d  sa t i s fac tory  c l o s e d  

l o o p  r e s p o n s e .  td r e p r e s e n t s  a p u r e  de l ay  time and 

Tn3 the  s h o r t  n e u r o m u s c u l a r  delay.  

The work  o f  R u s s e l l  (57 ), Hall ( 20 ) , K r e n d e l  ( 36 ) , 
a n d   E l k i n d  ( 1 2  ) ,  u s i n g   l i n e a r   i d e n t l f i c a t i o n   t e c h n i q u e s ,  

l e d  to q u a s i - l i n e a r  models v ~ l f d  for a v a r i e t y  o f  i n p u t  

s p e c t r a   a n d   c o n t r o l  system dynamics .   These   mode l s  and 

t h e i r  i m p l i c a t i o n s  were reviewed i n  d e t a i l  b y  IkRuer and 

Krenclel i n  195'7 ( 40 ) .  More 1-ecen t ly  Y t l e r i ( l a n  ( 6 2  ) 

and Acla~ns ( 2 ) have a d d e d  t o  the 1 i L e r a t u r e  o n  q u a s i -  

l i n e a r   m o d e l s .  

As t h e  q u a s i - l i n e a r   a p p r o a c h e s  to t-tumn o p e r a t o r  

m o d e l i n t 3   r e a c h e d   s a t i s f a c t o y y   r e s u l t s   i n  t h e  l a t e  1950ts, 

reseai:cil a t t e n t i o n  shifteci to s e v e r a l  other phases of  

m a n u a l   c o n t r o l .   T h e   e m p h a s i s   i n  this report will b e  on 

those a s p e c t s   w h i c h   h a v e   b e e n  most  i n t e n s i v e l y   s t u d i e d  

i n  t h e  p e r l o d  1959-1964, and  which  seem Inost r e l e v a n t  

t o  t h e  c e n t r a l   c o n t r o l   p r o b l e m .  

The f i r s t  o f  these newer a r e a s  i s  t h e  p h y s i o l o g i c a l  

a p p r o a c h  t o  mode l ing  t h e  n e u r o l o g i c a l   a n d   n e u r o r m s c u l a r  

systems underlginc;  m n m l   c o n t r o l .  11-1 s e c b i o n s  I1 
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t h r o u g h  I V  a mathematical model i s  p r e s e n t e d  to a c c o u n t  

f o r  o b s e r v e d   b e h a v i o r a l   t r a c k i n g   c h a r a c t e r i s t i c s   a n d  

m e c h a n i c a l   i m p e d a n c e   p r o p e r t i e s  o f  the  arm. T h i s  model, 

based o n  the research of S ta rk  and  h i s  c o w o r k e r s ,   i n c l u d e s  

r e l e v a n t   b i o p h y s i c a l .   r e l a t i o n s   p e r t a i n i n g  t o  t h e  n e r v e s  

a n d   m u s c l e s .  

A second area of g r e a t  i n t e r e s t  has been  t h e  

" f i n e   s t r u c t u r e "  of  the o p e r a t o r ' s   r e s p o n s e .  Whereas t h e  

q u a s i - l i n e a r   m o d e l s  matched the average g a i n   a n d  phase 

lag s u f f i c i e n t l y  well, they were u n a b l e  t o  d e s c r i b e  

the  de t a i l ed  t r a n s i e n t   r e s p o n s e s  o r  d e t e r m i n i s t i c  

i n p u t s  or t h e  discr-ete n a t u r e  of human t r ack ing   movemen t s .  

Some of the o l d e r  ideas c o n c e r n i n g  the psychologica l  

r e f r a c t o r y  p e r i o d  h a v e   b e e n   r e v i v e d  to s t i m u l a t e  

s e v e r a l   d i f f e r e n t   s a n i p l e d - d a t a  and d i s c r e t e   n o n l i n e a r  

models  for v i s u a l - n i a n u a l   t r a c k i n g .   T h e s e  models a re  

r e v i e w e d  and  compared i n   S e c t i o n  V. 

The a b i l i t y  o f  human b e i n g s  t o  change  t h e i r  

c h a r a c t e r i s t i c s  depending   upon t h e  t a s k  i n p u t   a n d  t h e  

dynamics  o f  the  c o n t r o l l e d   e l e m e n t  has l o n g   b e e n   n o t e d  

wi th  i n t e r e s t .  With the r e c e n t   a c t i v i t y   i n   a d a p t i v e  

systems by  a u t o m a t i c   c o n t r o l   s p e c i a l i s t s  a pa re l l e l  

e f f o r t  has  b e e n   o b s e r v e d   i n   d e s c r i p t i o n s  o f  the 
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a d a p t i v e  c h a r a c t e r i s t i c s  of t h e  human ope ra to r .  These 

d e s c r i p t i o n s   a n d  the attempts a t  a d a p t i v e   m o d e l s  a r e  

r e v i e w e d   i n   S e c t i o n  V I .  
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11. PHYSIOLOGICAL BACKGROUND O F  THE 
PERIPHERAL  ADAPTIVE  MECIIANISPl 

Mechanism Motor C o n t r o l  

Two m e c h a n i s m s   w h i c h   p l a y   a n   i m p o r t a n t  r o l e  i n  

m a n u a l   c o n t r o l   a n d   i n   p r o v i d i n g   t h e   m a n u a l   c o n t r o l  system 

w i t h  its a d a p t i v e   c a p a b i l i t y   a r e   t h e   p o s t u r a l   c o n t r o l  

system a n d   t h e   v o l u n t a r y   c o n t r o l   s y a t e r n .  

'The postura:. system i s  a i 'eedbaclc  system  whlch 

f u n c t i o n s  Lo m a i n t a i n   t h e   p o s t u r e  gr position of the 

body ancl its l i r r l b s .  It i s  e s s e n t j - a l l y  a p o s i t i o n  

se rvDloop  w i t h  p o s i t i o n  sensors, motor e lemen t s ,   and  

s o n e  data proces::i.nI;. T h e   p o s t u r a l   s e ~ : ~ v o s y s t e r n  i s  c o n t r o l -  

led by hixher c e n b e r s  which p r o v i d e   r e f e r e n c e  i n p u t s  ancl 

w h i c h   c o n t r o l   t h e  parameters o f  s o n e  o f  the elements of  

this sysbeln as sl-lolwn i n  F i ~ g r e  2. 

T h e   v o l u n t a r y   c o n t r o l  system p r o v i d e s  t h e  1nechan:ism 

for execut in! :   sk i l led   p rec lse   move;nents .  It 'GOO i s  

composed o f  s ensovy ,  motor and   computa t iona l   componen t s .  

It i s  quri.I;e d i f f e r e n t  Prom t h e  postural c o n t r o l  system, 

however,  i n  t i lat  i t s  c o n t r o l l e r  i s  thouzht t o  b e  Open-loOp 

and   s ampled -da ta ,   execu t ing   p re -p rogrammed  c o r , t r o l  

movements.  These  rnovernents are  p r o p r i o c e p t i v e l y  
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o p e n - l o o p   i n  t h e  s e n s e  t h a t  t h e  p o s t u r a l   c o n t r o l  system 

a p p e a r s   t o  b e  a t  l eas t  p a r t i a l l y  d i s a b l e d  when v o l u n t a r y  

con t ro l   movemen t s  are b e i n g   e x e c u t e d .   F e e d b a c k  i s  

o b t a i n e d   f r o m  a v a r i e t y  of s e n s o r s ,   i n c l u d i n g   j o i n t  

p o s i t i o n   r e c e p t o r s   a n d  t h e  v i s u a l  system, b u t  t h e  

i n f o r m a t i o n   o b t a i n e d  from these  f e e d b a c k   e l e m e n t s   m u s t  b e  

p r o c e s s e d  b y  h i g h e r   c e n t e r s  before  ef i ' ec t lng   movement .  

An i m p o r t a n t   p a r t  of  t h e  c o n t r o l  of t h e  v o l u n t a r y  move- 

men t s  i s  t h e  p r e d i c t i v e   s y s t e m  which i s  ab le  t o  e x t r a c t  

i n f o r m a t i o n   t o   p r e d i c t  t h e  f u t u r e  coux 'se   of   events   f rorn 

s i g n a l s   a n d   r e s p o n s e s .  It i s  t h i s  p r e d i c t i v e  a b i l i t y  

which  i s  r e s p o n s i b l e  for some of  t h e  i n p u t   a d a p t i v e  

p r o p e r t i e s  of r n a n u a l   c o n t r o l  systems. 

Variable TODO~OKY 
" 
o f  t h e  N e u r o l o g i c a l  C o n t r o l  Syvst em 

I n  this s e c t i o n  some e x p e r i m e n t a l  responses which  

may c o r r e s p o n d  to th ree  s ta tes  of tile n e u r o l o g i c a l  

c o n t r o l   r n e c h a n i s n  a re  d i s c u s s e d  ( 66 ). A g e n e r a l  

model for ce r t a in  a s p e c t s   o f  movement  and p o s t u r a l   c o o r -  

d i n a t i o n  i s  i n t r o d u c e d .  

A s u b j e c t   i n s t r u c t e d  t o  r o t a t e  a h a n d l e   b a c k   a n d  

f o r t h  as r a p i d l y  as  p o s s i b l e ,   p r o d u c e d  a r e c o r d   o f  

h a n d l e   a n g l e  as a f u n c t i o n   o f  time, similar to the  t o p  
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l i n e  of F i g .  3. Dur ing  the h igh  v e l o c i t y   p o r t i o n  of  

the movement, t h e  a n t a g o n i s t s   ( o p p o s i n g   m u s c l e s )  were 

q u i t e   r e l a x e d   a n d   l i m p .   B e c a u s e  of  th is  i n a c t i v i t y ,   i n  

s p i t e  o f  marked s t r e t c h i n g  of  t h e   a n t a g o n i s t s  by the 

a g o n i s t s   ( c o n t r a c t i n g   m u s c l e s ) ,  i t  i s  conc luded  tha t  

the s t r e t c h   r e f l e x  was i n o p e r a t i v e .   E i t h e r  t h e  a f f e r e n t  

f e e d b a c k   f r o m  the  m u s c l e   s p i n d l e  was markedly  r e d u c e d ,  

o r  more l i k e l y  i t  was f u n c t i o n a l l y   i n e f f e c t i v e  i n  ex- 

c i t i n g  t he  a l p h a  motor n e u r o n s  ( f i n a l  common p a t h ) .  

F i g u r e  4a shows a s i m p l i f i e d  b l o c k  diagram or t h e  

s i t u a k i o n .  It i s  i m p o r t a n t   t o   n o t e :  ( a )  the  back-to-back 

pa i r  o f   c o n t r o l  systems ( a g o n l s t - a n t a g o n i s t )  that are  

always p r e s e n t  i n  movement  and represent  t h e  i n a b i l i t y   o f  

m u s c l e   t o   p u s h ;  ( b )  t h e  open- loop  mode t ha t  permits t h e  

h igh  f r e q u e n c y   o s c i l l a t i o n ;  a n d  ( c )  t h e  pre-programmed 

set  o f  a l t e r n a t i n g   c o n t r a c t i o n s  s e n t  down f rom t h e  b r a i n .  

S u b s e q u e n t l y   i n  t h e  e x p e r i m e n t ,  t h e  s u b j e c t   p e r f o r m e d  

s u c c e s s i v e   m o v e m e n t s   a g a i n ,  t h i s  time u n d e r   i n s t r u c t i s n  

t o   p r e v e n t   d e f l e c t i o n  of h i s  hand by r andom  inpu t  d i s -  

t u r b a n c e s .   O n l y   s e c o n d a r i l y  was he t o  o s c i l l a t e  h i s  

hand a t  as high a f r e q u e n c y  as p o s s i b l e .  ( A s  a r e s u l t  

o f  these f a c t o r s  t h e  f r e q u e n c y  o f  o s c i l l a t i o n  i s  

s lowed as shown i n  t h e  m i d d l e  r e c o r d i n g  of Fig.  3.) 

F i g u r e  4b  shows t h e  n a t u r e  o f  the n e u r o l o g i c a l  
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o r g a n i z a t i o n  of t h i s  mode o f  o p e r a t i o n .   T h e   e s s e n t i a l  

features. are: ( a )  t he  m u s c l e   s p i n d l e  system a c t i n g  

as a h i g h - g a i n   l e n g t h   r e g u l a t o r ;   ( b )  t h e  r e s u l t a n t  

i n c r e a s e d   s t i F f n e s s  o r  s p r l n g   c o n s t a n t  o f  b o t h   a g o n i s t s  

a n d   a n t a g o n i s t s ;  ( c )  t h e  s h a r i n g  o f  t h e  aipha-tf iotor  

neu ron   ( r ina .1  common pathway) b y  t h i s  len,ytth r e g u l a t o r  

and t he  c o r t i c o - s p i n a l   i n p u t .  

It might b e  well to inent ion  t ha t  the d i f f u s e  

a n a t o m i c a l   o r g a n i z a t i o n  or t h e  garmw i n p u t  makes it a 

h i g h l y   i n a p p r o p r i a t e  f o l l o w - u p  s e r v o   s y s t e m .   I n   f a c t ,  

f t  i s  n o t  used f o r  t h i s  f u n c t i o n   b u t  f o r  postural t o n e  

and  end-of-movement darnping and   c lamping .  

F i n a l l y  t h e  s u b J e c t  was asked  t o  i m a g i n e  a p o i n t e r  

rnoving  back  and f o r t h  and to t r a c k  t h i s  i t n a g i n a r y   p o i n t e r ,  

and  a t t e m p t   t o   o s c i l l a t e  h i s  hand a s  f a s t  as p o s s i b l e .  

The  arrangeemer~t  o f  t h e  n e u r o l o g i c a l   a . p p a r a t u e  i s  shown 

in p ig .  4c .  'l'he p o s i t i o n  o f  a f f e r e n t  inforrr la t ior l  .reeds 

back to a visual-motor c r i e n t a t i o n   c o m p l e x  that i s  

p o s t u l a t e d  ts e x i s t   i n  t h e  b r a i n .   T h e   o s c i l l a t i o n  i s  

m a r k e d l y   s l o w e d ,   p e r h a p s ,   b e c a u s e  of the n e c e s s i t y  t o  

t r a n s m i t   a n d   p r o c e s s  a l l  c o n t r o l   s i g n a . i s   t h r o u g h  t h e  

imagery of  t h e  m e n t a l   t r a c k i n g   p r o c e s s .   T h i s  i s  shown 

i n  t h e  b o t t o m   r e c o r d i n g   o f   F i g .  3. 

12 
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T h a t  t h e  gamma-spindle system may b e  u t i l i z e d  i n  

t h i s  mode of o p e r a t i o n  a t  the end of e a c h   h i g h   v e l o c i t y  

p o r t i o n  of t h e   o s c i l l a t i o n  i s  i n d i c a t e d  by a n  e x p e r i m e n t  

per formed by Stark and  Rushworth ( 7 3  ). The gamma g a i n  

c o n t r o l s   t o   t h e   s p i n d l e s  were b l o c k e d   w i t h   p r o c a i n e  

p r o d u c i n g   t h e   s o - c a l l e d   c e r e b e l l a r   s y n d r o m e  of h y p o t o n i a ,  

a s t e n i a ,  taxia, o v e r s h o o t i n g ,   r e b o u n d ,   d y s m e t r i a  and  

p o s t u r a l  d r i f t .  S k i l l e d   v o l u n t a r y   m o v e m e n t s  were s t i l l  

p o s s i b l e  w i th  a t t e n t i o n .  However,  when s i n u s o i d a l  

t r a c i n g  was b e i n g   p e r f o r m e d ,  similar i n   p r i n c i p l e   t o  

m e n t a l   t r a c k i n g ,   e r r o r s  were made i n  a p a r t i c u l a r   f a s h i o n .  

O c c a s i o n a l l y  a t  t h e  end of  the h i g h   v e l o c i t y   p o r t i o n  o f  

t h e   s i n u s o i d ,  t h e  p e n c i l   h a n d   w o u l d   c o n t i n u e  i n  the  

t a n g e n t i a l   d i r e c t i o n .  T h i s  indicates that  t h e  damping 

and c l a m p i n g   f u n c t i o n s  o f  t h e  l e n g t h   r e g u l a t o r  ( s p i n d l e )  

would   normal ly  b e  a c t i v e  i n  t h e  p r e c i s e   t e r m i n a t i o n  o f  

a h i g h   v e l o c i t y  movement. 

I n  summary, e x p e r i m e n t a l   d e f i n i t i o n  has been  

a t t e m p t e d   f o r  a f a c e t  of t h e  c o m p l e x   n e u r o l o g i c a l   c o n t r o l  

system for movement: the  a b i l i t y  t o   c h a n g e  t h e  t o p o l o g y  

of t h e  m u l t i l o o p   n e u r a l   s y s t e m -  This  i n t r o d u c t o r y  

material p o i n t s  u p  t h e  i n t e r a c t i o n   a n d  i n d e e d  c o m p e t i t i o n  

between the p o s t u r a l   s e r v o - l o o p  ( s t re tch  r e f l e x )  and 

%he p r o p r i o c e p t i v e l y   o p e n - l o o p   v o l u n t a r y   c o n t r o l  of t he  

m u s c u l a t u r e .  
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- A Q . u a n t i t a t i v e  Model 

While the  g e n e r a l   m o d e l  may b e  u s e f u l   i n  

c o n c e p t u a l i z i n g  t h e  p h y s i o l o g y  of t h e  s p i n a l   a n d  

p e r i p h e r a l   m e c h a n i s m ,  i t  s h o u l d  c l ea r ly  be supp lemen ted  

by a q u a n t i t a t i v e   m o d e l  ( 3 3  ) .  The BIOSIM program, 

p r o v i d i n g  for t h e  simulation o f  a g e n e r a l   c l a s s  of 

d y n a m i c a l   s y s t e m s   f r o m   s p e c l f i c a t i o n s  o f  t h e i r  b l o c k  

diagram r e p r e s e ; l t a t i o n ,  has b e e n   u s e d  for this 

a p p l t c a t i o n .  It i s  r u n   o n  a 7690 d i g i t a l  c o n p u t e r  

a n d   c o n t a i n s  i t s  own F o r t r a n - l i k e   c o m p i l e r  for ease 

o f  communica t ion   be tween  user   and   program.  

The expanded  and   modi f ied  f o r m  of the b l o c k  diagsans 

of' F i g .  4 for c l o s e d - l o o p   o p e r a t i o n  of t h e  p o s t u r a l  

m u s c u l a t u r e  system a n d   o p e n - l o o p   o p e r a t i o n  o f  t h e  

v o l u n t a r y   c o n t r o l  system i s  shown ir, F i g .  5 ( 3 >. I n  

o n e   e x p e r i m e n t  t he  s u b j e c t   i s i n s t r a c t e d   t o   h o l d  h i s  arms 

f a i r l y  t e n s e  a n d  50 m i n t a i n  this F o s i t i o n   d e s p i t e  

p o s s i b l e   d e f l e c t i n g   f o r c e s .  A f o r c e  o f  5 k g  l a s t i n g  

0 .2  s e c  i s  a p p l i e d .  The s u b j e c t ' s   a r m  i s  d e f l e c t e d  a n d  

t h e n  r e t u r n s  t o  its d e s i r e d  p o s i t i o n  a f t e r  a slight 

o v e r s h o o t .  The BIOSIM analog  behave; ;  a s  s11or.i~ i n  F igc  6.  

T e n s i n g  o f  t h e  lnusc l e s  i s  inotieled by i n s e r t i n g  a b i a s  

s i g n a l   u s f n g  SPE 6 and SPE' 7 ( S e e   T a b l e  1.) .  
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Table 1, D e f i n i t i o n s  of Special  F u n c t i o n s  

SPECIAL FUNCTION( SPE) 
"~ _ _  . . . .~ ". .. . 

SPE 6 a n d  SPE 7 

SPE a 

SPE 9 

SPE 10 

SP.E 2 and  SPE 3 

~ 

D E F I N I T I O N  

Muscle  Tone 0.001 u - 1( t )  

D i s t u r b i n g  Force = 5[u-I(t-0.2)] 

Not  used for thls  e x p e r i m e n t  

" 



T h e   d i s t u r b i n g   f o r c e   w h o s e  time f u n c t i o n  i s  shown, i s  

a p p l i e d  by means o f  SPE 10. A s  the  hand i s  d e f l e c t e d  

f r o m  i t s  z e r o   p o s i t i o n  the error s i g n a l  of the  s t r e t ched  

m u s c l e   i n c r e a s e s   a n d  t h e  error s i g n a l  o f  the  s l a c k e n e d  

m u s c i e   d e c r e a s e s .  When the  d i s t u r b i n g   f o r c e  ceases, 

these s i g n a l s ,  by o p e r a t i n g  on their  r e s p e c t i v e   m u s c l e s ,  

d r i v e  the hand back t o  i t s  z e r o   p o s i t i o n  w i t h  a s l i g h t  

o v e r s h o o t .   T h e   i n i t i a l   b i a s i n g ,  hamd p o s i t i o n ,   d i s t u p b i n g  

f o r c e ,   a n d   e r r o r   s i g n a l s  a re  shown as time f u n c t i o n s   i n  

Pig. 6, a n d   i n d i c a t e  a q u a l i t a t i v e   a n d   r o u g h   q u a n t i t a t i v e  

ag reemen t  w i th  t h e  e x p e r i m e n t .  I n  P ig .  6, a2 r e p r e s e n t s  

i n p u t  t o  m u s c l e   w h i c h   r e s t r a i n s   i n i t i a l   m o t i o n ;  a 

r e p r e s e n t s   i n p u t  to m u s c l e   s l a c k e n e d  b y  i n i t i a l   m o t i o n ;  

6 r e p r e s e n t s   d e f l e c t i o n  o f  the arm i n  degrees; and t h e  

dashed l i n e   i n d i c a t e s  t h e  bias l e v e l .  

3 

BIOSIM a n a l o g   r e s u l t s   a r e   e n c c u r a g i n g   a n d   i n d i c a t e  

that f u r t h e r   d e v e l o p m e n t   i n  the  d i r e c t i o n s  of  ( a )  b e t t e r  

d e f i n i t i o n   o f  t h e  p h y s i c a l   e l e m e n t s  o f  the  c o n t r o l  system, 

( b )  m o r e   a c c u r a t e   d e s c r i p t i o n s   o f  system topo logy ;   and  

( c )  f u r t h e r   c o m p a r i s o n  wi th  e x p e r i m e n t ,  might i n c r e a s e  

o u r   u n d e r s t a n d i n g  o f  t h i s  complex systemo 
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Musc le   Phys io logy :  BIOSIM Model 

Muscle  i s  u n i q u e  i n  c o n v e r t i n g   c h e m i c a l   e n e r g y  

d i r e c t l y   i n t o   m e c h a n i c a l  work. L i m i t a t i o n   i n  t h e  ra te  

of  this c o n v e r s i o n   a c t s  as a n  a p p a r e n t   v i s c o s i t y   w h i c h  

plays a r o l e   i n  t h e  ove r -a l l   dy r , amics  of movement.   This 

s e c t i o n   s u m m a r i z e s  t h e  p h y s i o l o g i c a l   e v i d e n c e   r e l a t i n g  

to t h i s  c o n v e r s i o n   a n d  the s3.mplif ' ied  mathematical   model  

u s e d   i n  BIOSIM (69). 

T h e   d y n a m i c   c h a r a c t e r i s t i c s  o f  a maximal ly  

s t i m u l a t e d   s h o r t e n i n g   m u s c l e   c a n  b e  summarized by a n  

e x p o n e n t i a l   r e l a t i o n s h i p   b e t w e e n  t h e  l o a d  on a musc le  

and the maximum v e l o c i t y  o f  s h o r t e n i n g ,  as  shown by the 

dashed c u r v e  i n  3 i g .  7 r'rom Fenn  and Marsh ( 1 5  ) .  

I n  1938, H i l l  ( 2 3  ) showed i n  a thermodynamic   s tudy  o f  

musc le  t ha t  t h e  f o r c e - v e l o c l t y   r e l a t i o n s h i p   c o u l d  be 

a p p r o x i m a t e d   v e r y   c l o s e l y  b y  the e q u a t i o n  

( v  + b ) ( P  + a )  = ( P o  + a ) b  = c o n s t a n t  

VJhere a a n d  b are  c o n s t a n t s  that  are  dependent   on  t h e  

p a r t i c u l a r   m u s c l e ,  P i s  l o a d  f o r c e ,  v i s  s h o r t e n i n g  

v e l o c i t y ,  a n d  P i s  l e o x e t r i c   t e n s i o n .  When e x p e r i m e n t s  

were exterided t o  l e n g t h e n f n g ,  a s  well as s h o r t e n i n g   m u s c l e ,  
0 



Hill ' s  e q u a t i o n  fa i led.  Katz ( 3 1 )   f o u n d  a s t e e p   l i n e a r  

r e l a t i o n s h i p   b e t w e e n   m u s c l e   o p p o s i t i o n   f o r c e   a n d   l e n g t h e n -  

i n g   v e l o c i t y ,  a s  s e e n  -in t h e  Gashed l i n e  o f  F i g .  8a. Ten 

years l a t e r ,  W i l k i e  (81) r e p e a t e d  H i l l ' s  e x p e r i m e n t s  f o r  

the s h o r t e n i n g   m u s c l e   i n  t h e  human arm by u s i n g   s u b j e c t s  

d i r e c t e d  t o  exer t  m a x i m a l   v o l u n t a r y   e f f o r t .  H i s  r e s u l t s  

f i t  H i l l ' s  e q u a t i o n  a f t e r  c o r r e c t i o n  f o r  t h e  i n e r t i a  of 

t h z  arm. T h e s e  data were m o s t   u s e f u l   i n   o u r   a p p r o x i m a t i o n  

o f  a musc le   model  for d i g i t a l  c o m p u t e r   s i m u l a t i o n  

w i t h  BIOSIM. 

U s i n g  BIOSIM a n   i n v e s t i g a t i o n  of the b e h a v i o r  of a 

c o m p l e t e   a g o n i s t - a n t a g o n i s t   m u s c l e  system was u n d e r t a k e n  

(69 ) .  S i m p l e  s t r a igh t  l i n e  a p p r o x i m a t i o n s  to t h e  phys io -  

l o g i c a l   m o d e l  were a d e q u a t e  for t h i s  work. With the u s e  

o f  t h e  p a r a m e t e r s   i n  Wilkie 's  paper   and   measurements   on  

human s u b j e c t s ,  estimates of  ? (maximum i s o m e t r i c  f o r c e )  

and  vo (maximurn v e l o c i t y  wi th  n o   l o a d )  were made. T h e   s l o p e  

o f  t h e  s t ra ight  l i n e   r e p r e s e n t i n g   l e n g t h e n i n g ,  BL, i s  made 

s i x  times greater  t h a n  t ha t  for s h o r t e n i n g ,  Bs a s  shown i n  

F i g .  8 b .  T h e   f o l l o w i n g   p a r a m e t e r s  were s e l e c t e d :  

o 

P = lOOkg 
0 

v = 0.01 m/sec 

SL = -&lo4 kg-sec*/tn 
0 

4 kg-sec  lm 2 
Bs = -10 
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F o r c e   v e l o c i t y   r e l a t i o n s h i p s   b e y o n d  the i n i t i a l   v e l o c i t i e s  

p o s e  a problem. If a m u s c l e  i s  s h o r t e n e d  a t  a v e l o c i t y  

greater t h a n  that  a t  which i t  i s  c a p a b l e  o f  s h o r t e n i n g  

S t s e l f ,  i t  exer t s  no f o r c e .   T h u s  P i s  z e r o  for 

v e l o c i t i e s  greater t h a n  v . When a m u s c l e  i s  s t re tched  

more r a p i d l y  t h a n  i t s  c r i t i c a l   s t r e t c h i n g   v e l o c i t y ,  

several t h i n g s  may happen.  A pheno;nenon c a l l e d  

0 

11 s l i p p i n g "  or " y i e l d i n g "  o c c u r s  f i rs t .  H i l l  ( 22 ) wro te :  

"Under a l o a d  r a the r  greater  t h a n  i t  can  bear a n   a c t i v e  

m u s c l e   l e n g t h e n s  slowly, u n d e r  a c o n s i d e r a b l y  g rea te r  

l o a d  i t  'g ives '  o r  ' s l i p s . '  We can regard the f i r s t  p r o c e s s  

as ' r e v e r s i b l e '   i n   t h e   t h e r n o d y n a m i c  sense, t h e  second as 

l a r g e l y  i r r eve r s ib l e  ' I 1 .  

Katz   found ( 3 1  ) tha t  c o n t r a c t i l e   s t r u c t u r e s  o f  a 

m u s c l e  may b e  damaged i f  i t s  v e l o c i t y  of l e n g t h e n i n g  i s  

i n c r e a s e d  r a p i d l y  while  t h e  inuscle i s  a c t i v e .   N o r m a l l y  

t h e  G o l g i   t e n d o n   o r g a n  ( a  t e n s i o n - s e n s i n g  d e v i c e )  

r e f l e x l y  c a u s e s  t h e  m u s c l e   t o   r e l a x   b e f o r e  t h i s  damage 

o c c u r s .  

It i s  e x p e c t e d  t h a t  s i m u l a t i o n  will s e l d o m   o p e r a t e  

i n  t h e  c r i t i c a l  r e g i o n .   T h u s  a compromise  between com- 

p l e t e   r e l a x a t i o n   a n d   i n c r e a s e d .   r e s i s t a n c e   c a u s e d  by s l i p -  

p i n g  i s  u s e d .  For v e l o c i t i e s  o f  l e n g t h e n i n g   w h i c h  a r e  



greater  t h a n  c r i t i c a l ,  the  BIOSIIvI model s a t u r a t e s  a t  

2P as shown i n  F ig .8b .  When a rnuscle  i s  s t i m u l a t e d  a t  

half  maximum, we assume that the a c t i v e   m u s c l e  has t h e  

same l e n g t h ,   b u t   o n l y   o n e - h a l f  t h e  c r o s s - s e c t i o n  area, 

a s  t h e  f u l l y   a c t i v a t e d   m u s c l e .  Therefore t h e  f o r c e  

o u t p u t ,   p r o p o r t i o n a l  t o  c r o s s - s e c t i o n  area, 5s  h a l v e d  whi le  

t h e  maximum v e l o c i t y  of s h o r t e n i n g ,   p r o p o r t i o n a l  t o  

m u s c l e   l e n g t h ,   r e m a i n s   c o n s t a n t .  These r e l a t i o n s h i p s  

b e t w e e n   f o r c e   a n d   v e l o c i t y  i.r, a h a l f - a c t i v a t e d   m u s c l e  

may be  o b t a i n e d  by  a p p l y i n g  t h e  Po and vo v a l u e s  for 

a.= 0.5 t o  o u r   o r i g i n a l   a p p r o x i m a t i o n s ,  that  i s ,  straight- 

l i n e   r e l a t i o n s h i p   a n d  B = 6B . The r e s u l t a n t   r e l a t i o n -  

s h i p s  are  shown i n  Fig.8b and expressed i n  Eqs.  ( 2 )  atd (3)  
L s 

U 

Fmuscle  = u(P,  -E BLv) 6 
- - < V < O  

Fmuscle  = a  

Fmuscle  = aP, 
VO 

v <  - - 
6 

F i g u r e  9 i l l u s t r a t e s  a model e x p e r i m e n t   c o n d u c t e d  

on t h e  709 computer (69 >. 'The m o d e l   r e s p o n s e   i n   d i s p l a c e m e n t  
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h a s  a s h a p e  similar t o  that of a p l o t  of the same v a r i a b l e s  

f o r  frog m u s c l e   i n  the  Fenn  and Marsh experiments. The 

dead  time i n  the p h y s i o l o g i c a l   s t u d i e s  i s  the  time t a k e n  

for, the m u s c l e   i s o m e t r i c   f o r c e  t o  b u i l d   u p  t o  t h e  s t a t i c  

f r i c t i o n   i n  the l o a d   f o r c e .  A compar ison  of v e l o c i t y   v e r s u s  

time i n  the mode l   w i th  Wilkie!s data was a l s o   o b t a i n e d .  

T h e   a s y m m e t r i c a l   c h a r a c t e r i s t i c s   b e c o m e   v e r y   i m p o r t a n t  

i n   s m o o t h l y   t e r m i n a t i n g  a r a p i d  vo luntary   movement .   The  

asymmetry i n c r e a s e s   t h e   e f f e c t i v e   d a m p i n g   o v e r  t ha t  o f  

a p o s s i b l e   s y m m e t r i c a l   r e l a t i o n s h i p .   A d d i t i o n  o f  t h e  

p o s t u r a l   s y s t e m   ( m u s c l e   s p i n d l e  a n d  a f f e r e n t  Peedback)  

as  shown by the m i d d l e  x.ecording o f  F iE .  3 f u r t h e r  

i n c r e a s e s  m a n ' s  power o f  r a p i d l y  damping h i s   m o t i o n .  

T h e r e f o r e ,  a n  e x a m i n a t i o n  of  t h e  m u s c l e   s p i n d l e  i s  i n  

o r d e r .  

PIusc le   Spindle   Phgs io l -oay:  BIOSIM Model 

T h e   m u s c l e   s p i n d l e   r e c e p t o r  i s  a d i f f e r e n t i a l  l e n g t h  

r e c e p t o r   f o u n d   i n  para l le l  wi th  c o n t r a c t i l e  f i b e r s  o f  

m u s c l e s  o f  many s p e c i e s  as f irst  d e m o n s t r a t e d  by P u l t o n  

and  Pi-Suner  ( 17 ) .  Its  i m p o r t a n c e   i n  human motor 

c o o r d i n a t i o n  i s  great,  s i n c e   i t a   p o s i t i o n a l   f e e d b a c k  

c h a r a c t e r i s t i c s  are  b a s i c  t o  t h e  s t r e t c h   r e f l e x .  It may 
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also s e n d . k i n e s t h e t i C   i n f o r m a t i o n  to higher c e n t e r s  t o  

. h e l p   c o n t r o l   c o m p l e x  motor c o o r d i n a t i o n  tasks. A model 

of t h i s  mechanism has b e e n   f o r m u l a t e d  as one component 

i n  the more c o m p l e t e  m o d e l  of human m o t o r   c o o r d i n a t i o n .  

The s p i n d l e  i s  c o n n e c t e d   i n   p a r a l l e l  w i th  t h e  m u s c l e  

c o n t r a c t i l e  f ibres  as shown i n  Fig.lOa and i t s  d i r e c t  

m e c h a n i c a l  e f fec t  on the m u s c l e  i s  n e g l i g i b l e .   T h e  

i n e r t i a l   f o r c e s   r e s u l t i n g   f r o m   a c c e l e r a t i n g  t h e  mass o f  

m u s c l e  may be n e g l e c t e d   i n   c o m p a r i s o n  w i t h  e l a s t i c   f o r c e s  

f o r  t h e  low a c c e l e r a t i o n s   i n v o l v e d .   T h u s ,  we c a n   c o n s i d e r  

t h e  l e n g t h  of the  musc le ,  Xm, t o  b e  a n   i n p u t   p r o d u c e d  

e i the r  t h r o u g h  the a l p h a   e f f e r e n t   n e r v e  or t h r o u g h   s t r e t c h  

by  e x t e r n a l  fo rces .  T h e   a f f e r e n t   n e r v e  carr ies  i n f o r m a t i o n  

c o n c e r n i n g  the l e n g t h   o f  t h e  n u c l e a r  bag t o  t h e  c e n t r a l  

n e r v o u s  systen. C o n t i n u o u s   s i g n a l s   r e p r e s e n t i n g   s h o r t  

term average p u l s e   f r e q u e n c y  a r e  u s e d   i n  o u r  model.  The 

gamma e f f e r e n t   n e r v e   e x c i t e s  the  c o n t r a c t i l e   e l e m e n t ,  o r  

i n t r a f u s a l  f i b e r ,  o f  t h e  s p i n d l e .  It i s  a n o t h e r   i n p u t  

that may bias t h e  o u t p u t   o f  t he  n u c l e a r  bag o r  may, 

p e r h a p s ,   a c t   i n d i r e c t l y  as a n   i n p u t  t h a t  might c o n t r o l  

movement; t h i s  f o l l o w - u p   s e r v o   c o n f i g u r a t i o n  has been  

s u g g e s t e d  by Merton ( 4 4  ) and Roberts ,  T h i s  i n p u t  i s  

s implif ied.  i n   o u r  model t o  a c h a n g e   i n   l e n g t h  of t h e  

i n t r a f u s a l  f ibe?,  X x  , and a d d e d  t o  Xm ( F i g .  lob). The 
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dynamics  of t h i s  i n p u t  may have  t o  b e  c o n s i d e r e d   m o r e  

e x p l i c i t l y   u p o n   i n v e s t i g a t i o n  o f  coord ina ted   movemen t s  

t h r o u g h  this i n p u t .  

T h e   r e s p o n s e   o f  t h e  s p i n d l e   r e c e p t o r   t o  a s t e p   i n p u t  

o f   s t r e t c h ,  as found by L i p p o l d ,   N i c h o l l s   a n d   R e d f e a r n  (38) 

(F ig .  l l a )  shows a p p r o x i m a t e l y  400 p e r c e n t   o v e r s h o o t ;  

t h i s  d i f f e r e n t i a l   e f f e c t  i s  c a l l e d  t he  " p h a s i c   r e s p o n s e " .  

After a p p r o x i m a t e l y  200 msec t h e  o u t p u t  s e t t l e s  down to 

its s t e a d y - s t a t e   v a l u e ;  t h e  s t e a d y - s t a t e   r e s p o n s e  i s  c a l l e d  

t h e  " t o n i c   r e s p o n s e " .  They a l s o   f o u n d   g o o d   e v i d e n c e  to 

sgggest t ha t  t h e  p h a s i c   r e s p o n s e  i s  c a u s e d   e n t i r e l y  by 

m e c h a n i c a l   f a c t o r s   a n d  t h a t  t h e  m e c h a n i c a l - t o - e l e c t r i c a l  

t r a n s d u c e r  i s  a no-memory d e v i c e .  Tllis i n f o r m a t i o n   h a s  

b e e n   i n c o r p o r a t e d   i n t o  o u r  model .  

The t r a n s f e r   f u n c t i o n  r o r  t h e  mechanical   inodel  

or F i g .  l o b  i s  of t h e  form 

'SB 01s + 1) - = H ( S )  = Gm Yn (T2S + 1)(T S + 1) 3 



T a b l e  2 summarizes  the rough  estimates of the 

s p r i n g   c o n s t a n t s   a n d   d a m p i n g   t o n u s  of the s p i n d l e  

r e c e p t o r  model, based o n   p h y s i o l o g i c a l   e v i d e n c e   a n d  

a n a l y s i s  of t r a n s i e n t   a n d  steady state r e s p o n s e s .  

TABLE 2 

HUMAN 

KF 0.1 newton/m 

KB 0.4 newton/m 

K~ 1.5 newton/m 

BF 0.015 newton  sec/m 

BB 0.015 newton  sec/m 

FROG 
~~ 

0.1 newton/m 

0.5 newton/?n 

1.3 newton/m 

0.5 newton  sec/m 

2.9 newton  sec/m 

24 



I n s p e c t i o n  of G y a n i t ' s  data ( 19 ) shown i n   F i g .  11b  

r e v e a l s  that  t h e  t o n i c   i n p u t - o u t p u t  c h a r a c t e r i s t i c  o f  the 

s p i n d l e   r e c e p t o r  i s  somewhat p a r a b o l i c .   F u r t h e r m o r e ,  

o t h e r  c u r v e s  show that the  t o n i c   g a i n   i n c r e a s e s  w i th  

i n c r e a s e d  gamma bias (Xu ) .  A s q u a r i n g   o p e r a t o r   F i t s  

these data q u i t e  well (Ffg. I 2 a ) .   T h e   i n c r e a s e d   s l o p e  

a t  X a 2 ,  as  compared wi th  X y l  shows t h e  i n c r e a s e d  small- 

s i g n a l   g a i n  f o r  a n   i n c r e a s e  of gamma bias .  T h i s   r e c o n c i l e s  

the o p p o s i n g   v i e w s  of  G r a n i t  who c l a i m e d  t h e  gamma i n p u t  

i s  a n   i n p u t  bias l e v e l ,   a n d   H u n t   a n d   K u f f l e r  ( 2 7 ) ( 2 8 )  who 

f . e l t  i t  had a r o l e   i n   m a i n t a i n i n g   s e n s i t i v i t y  of t h e  

s p i n d l e   t o  s t r e t c h .  B o t h   f u n c t i o n s  are  subsumed i n  o u r  

model. N e g a t i v e   s i g n a l s   c a n n o t  b e  g e n e r a t e d  by t he  

t r a n s d u c e r ;   t h u s ,  a s a t u r a t i o n  a t  z e r o  i s  i n s e r t e d   b e f o r e  

t h e  s q u a r e r  ( F i g .  12a). Also ,  t h e r e  i s  a n   u p p e r  limit 

t o  t h e  number o f   i m p u l s e s  t h a t  c a n  be c a r r i e d  b y  t h e  

s p i n d l e   e f f e r e n t   n e r v e ;   a n   u p p e r  limit s a t u r a t i o n   p r o v i d e s  

th i s  limit. 

An a s y m p t o t i c   B o d e   p l o t  of H ( s )  i n   F i g .  12b i l l u s t r a t e s  

t h e  a p p r o x i m a t e   f r e q u e n c y   r e s p o n s e  of t he  model t o  small 

s i g n a l s   i n   n o r m a l   o p e r a t i n g   r a n g e s  of bias.  Note tha t  

be tween 7-18 r a d i a n s   p e r   s e c o n d  the  r e s p o n s e  i s  t o  

m u s c l e   v e l o c i t y .   I n  t h i s  r a n g e  the s p i n d l e   r e c e p t o r  

s h o u l d   c a u s e   v i s c o u s   d a m p i n g  e f f e c t s  on the o v e r - a l l  



system rather t h a n  s p r i n g  e f f e c t s .  A s i n u s o i d a l   a n a l y s i s  

of the s t r e t ch  r e c e p t o r s   i n  the f r o g ' s   e x t e n s o r   l o n g i t u s  

d i g i t u s ,  I V  musc le  was u n d e r t a k e n  by Houk, Sanchez ,  

and  Wells ( 25 j .  A s a m p l e   r e c o r d  of t he i r  work i s  shown 

i n   F i g .  1%. F i g u r e  l3 .b  i l l u s t r a t e s  the  a m p l i t u d e  v s .  

f r e q u e n c y   p l o t  a n d  t h e  phase v s .  f r e q u e n c y   p l o t .   A l t h o u g h  

the i r  data are c r u d e  first r u n s ,  t h e  b r e a k  f r e q u e n c i e s  of 

r o u g h   a s y m p t o t e s  drawn on t h e  g a i n   p l o t  o f  F i g .  l 3b  were 

used  t o  fo rm a t e n t a t i v e  t r a n s f e r   f u n c t i o n  

wi th  K = 27 p u l s e s   p e r  second/tnm. By . a s sumpt ion   and   ca l cu la t ion  

similar t o  t h o s e   a b o y e ,  the  v a l u e s   i n  T a b l e  2 f o r  the 

frog were o b t a i n e d .  These f l n d i n g s ,   a l t h o u g h   c r u d e ,   l e n d  

s u p p o r t   t o  the  mode l   and   p rov ide  some f e e l i n g  for the 

f u n c t i o n a l   s i g n i f i c a n c e  of  t h e  a n a t o m i c a l   s t r u c t u r e  o f  

s p i n d l e   r e c e p t o r s .  

Gamma R a t i o  

The s p i n d l e   s y s t e m  has a d i f f e r e n t i a t i n g   a c t i o n   o v e r  

a n   i m p o r t a n t  p a r t  of t h e  f r e q u e n c y  range; 1/2 - 3 cps. 

S i n c e  i t  i s  i n  t h e  f e e d b a c k  p a t h  of  t h e  p r o p r i o c e p t i v e  
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s t r e t c h  re f lex ,  or p o s t u r a l   s e r v o m e c h a n i s m   l o o p ,  t h i s  

o b v i o u s l y  a c t s  as a damping   e lement  i n  movement. It 

c a n  be shown that i n   o r d i n a r y   m o v e m e n t s  the m u s c l e  

a p p a r e n t   v i s c o s i t y  i s  of i m p o r t a n c e   o n l y   i n  a r e g i o n  of 

lesser i n t e r e s t ;  below 0.25 cps .   The   musc le   damping  i s  

t h e  r e s u l t  of asymmetrical e n e r g y   c o n v e r s i o n   s a t u r a t i o n  

a n d   t h u s  has, s t l - i c t l y  speak ing ,   no  r e s t r i c t ed  f r e q u e n c y  

r a n g e .  

However, t h e  s p i n d l e  i s  a n  ideal damping  e lement   and 

t h e  gamma b ias  which sets i t s  a c t i v i t y   l e v e l   a n d   g a i n  

Is well s u i t e d  t o  modify the system damping  on command 

i n   a n   a d a p t i v e   f a s h i o n .  

Boyd ( 7 ) and   Ma t thews   have   found   ano the r  

t y p e   o f   s p i n d l e   r e c e p t o r   l a c k i n g  t h e  n u c l e a r  bag. Thus,  

t h e  d a s h p o t  i s  m i s s i n g   a n d  a q u i t e   d i f f e r e n t   d y n a m i c a l  

s i t u a t i o n   r e s u l t s .   T h e   l n t r a f u s a l   m u s c l e  f i b e r  w i t h o u t  a 

n u c l e a r  bag, b u t  w i t h  a n   a f f e r e n t   r e c e p t o r  i s  i n n e r v a t e d  

by  a d i i ' f e r e n t  gamma e f f e r e n t  motor f i b e r  type; t h e  

gamma-two f iber .   dh i le  t h i s  has n o t   b e e n  worked o u t  

q u a n t i t a t i v e l y ,  i t  i s  c l e a r  that  the gamma-two i s  more l i k e  

a p u r e   g a i n   e l e m e n t  as opposed  t o  t h e  gamma-one which 

o p e r a t e s  as a d i f f e r e n t i a t o r .   T h u s ,  by a l t e r i n g  the 

gamma rat io ,  gamma-one a c t i v i t y   d i v i d e d  by gamma-twa 



a c t i v i t y ,  the  damping  can b e  altered i n d e p e n d e n t l y  of the  

loop g a i n .  This permits e v e n   m o r e   p o w e r f u l   c o n t r o l  of 

ove ra l l   dynamics   and   damping ,   and  similarly i s  even  more 

s u i t e d  for t h e  a d a p t i v e   r o l e .  

Sumrrzarg 

The p o s t u r a l   a n d  t h e  v o l u n t a r y   c o n t r o l  systems 

which a re  i m p o r t a n t  t o  the m a n u a l   c o n t r o l  system are  

r e v i e w e d   u t i l i z i n g   v a r i o u s   a n a t o m i c o - p h y s i o l o g i c a l  data 

and  c u r r e n t   s e r v o a n a l y t i c a l   i n v e s t i g a t i o n   i n   o r d e r   t o  

present a r e l a t i v e l y  s i m p l e  ana ly t i ca l  model of 

t h e  system. 
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111. DYNAMIC CHARACTERISTICS OF THE 
MOTOR COORDINATION' SYSTEM IN MAN 

I n t r o d u c t i o n  

T h e   b e h a v i o r a l   c h a r a c t e r l s t i c s  of the  human moto r  

c o o r d i n a t i o n  system s h o u l d  be  q u a n t i t a t i v e l y   d e f i n e d  

b e f o r e  t e s t i n g  our   mode l .  The m e t h o d s   d i s c u s s e d   i n  

this s e c t i o n   r e p r e s e n t  attempts t o  a c c o m p l i s h  this 

q u a n t i t a t i v e   d e f i n i t i o n   f o r  steady-state b e h a v i o r .  

Linearity i s  a r e a s o n a b l e   a p p r o x i m a t i o n   i n  many 

a s p e c t s   o f  t h i s  system, as c e r t a i n   c o n t r o l   e x p e r i m e n t s  

show, and t h u s   f r e q u e n c y   r e s p o n s e  data may b e  u s e d   f o r  

a n a l y s i s .  

E x p e r i m e n t s   i n  t h i s  s e c t l o n   f n d f c a t e  the  p r e s e n c e   o f  

a sampl ing  system similar to t h e  o n e  p r e s e n t  i n  the eye 

t r a c k i n g  system. I n  the  eye movement system the m u s c l e s  

are s o  p o w e r f u l  with r e s p e c t  t o  the  m e c h a n i c a l   c h a r a c t e r -  

i s t i c s  of  the   eyebal l   that  the  l i m i t i n g   d y n a m i c s  are t h e  

n e u r o l - o g i c a l   c o n t r o l   d y n a m i c s .  With the hand,  however,  

i n e r t i a  of the  f o r e a r m ,  the r e q u i r e m e n t  f o r  f u l l e r  

a c t i v a t i o n  of the  m u s c l e s   a n d  the r e s u l t a n t   a p p a r a n t  

v i s c o s i t y  of the  m u s c l e s  a l l  l i m i t  system bandwidth .  

Thus,  the sampled-data phenomena that are c l e a r l y   s e e n   I n  

eye movements are p a r t l y   o b s c u r e d   i n   m a n u a l   c o n t r o l   b e h a v i o r .  



E x p e r i m e n t s  

I n  an  e f f o r t  t o  d e v e l o p  8 system model   which f i t s  

t h e  we l l -known  inpu t -ou tpu t  data  and  c l a r i f i e s  a n a t o m i c a l ,  

p h s y i o l o g i c a l   a n d   n e u r o l o g i c a l  f a c t s ,  Stark e t  a l .  (71 ) 

s t u d i e d   r o t a t i o n  of  the wrist i n   a n  awake, c o o p e r a t i v e  

human s u b j e c t .   I n  t h e  f i r s t  se r ies  of  e x p e r i m e n t s  

wrist movement i s  l i m i t e d  t o  p r o n a t i o n   a n d   a u p i n a t i o n  b y  

means of t h e   a p p a r a . t u s   i l l u s t r a t e d   i n  F ig .  14. The 

p o i n t e r   s e r v e s  a s  i n p u t   s i g n a l .   T h e   s u b j e c t  i s  i n s t r u c t e d  

t o  k e e p  t h e  i n d i c a t o r   o n  t h . e  handle  j.n c o i n c l d e n c e  with 

movement of  t h e  p o f n t e r .  The i n s t a n t a n e o u s   p o s i t i o n s  

o f  b o t h  p o i n t e r   a n d   h a n d l e   i n d i c a t o r  a r e  r e c o r d e d .  

P r e d i c t a b l e   i n p u t   e x p e r i m e n t .   F i g u r e  15 i l l u s t r a t e s  

t h e  s i n u s o i d a l   p a t t e r n  o f  t he  i n p u t   p o i n t e r   i n  t h f s  

e x p e r i m e n t .   T h e   d y n a m i c   c h a r a c t e r i s t i c s  of  t h e  hand 

d u r l n g  a steady s t a t e  p r e d i c t a b l e   e x p e r i m e n t  i s  

o b t a i n e d  b y  m e a s u r i n g   g a i n   2 n d  phase  lac; from the 

r e c o r d i n g s .   T h e s e   a n a l y s e s  of' g a i n   a n d   p h a s e  lag a re  based  

o n   a v e r a g e   r e s p o n s e .  The v a r i a b i l i t y  of p h a s e  l ag  d o e s  

n o t  becorne l a r g e  e x c e p t  a t  f r e q u e n c i e s  which a r e  on  the 

limit of' the  a b i l i t y  of t h e  human motor  c o o r d i n a t i o n  

system. 



Complex i n p u t   e x p e r i m e n t .   T h e   : i n p u t   s h o w n   i n  

Fig.  15 i s  c o m p l e t e l y   p r e d i c t a b l e ,   a n d   p r o v i d e s  l i t t l e  

u s e f u l   i n f o r m a t i o n  abou t  the b a s i c  n e u r o l o g i c a l   c o n t r o l  

system. It i s  therefore  i m p o r t a n t  to u s e   a n   u n p r e d i c t a b l e  

i n p u t .  A s t o c h a s t i c  s i g n a l  may be a p p r o x i m a t e d  by a d d i n g  

a number of non- low-harmonica l ly  r e l a t e d  s i n u s o i d s  t o  

form a f a i r l y  c o m p l e x   i n p u t   s l g n a l .   T h i s   s i g n a l  i s  n o t  

a n   a n a l y t i c   f u n c t i o n  t o  t h e  p r e d i c t i o n   a p p a r a t u s  of  t h e  

hurcan o p e r a t i n g   i n s t a n t a n e o u s l y   o n  t h e  p o i n t e r  movement. 

Only t h e  sum o f  a snla11 number o f  these s i n u s o i d s ,  three,  

i f  they are r e l a t i v e l y  p r r lne  to each o t h e r ,  a r e  r e q u i r e d  

to make t h e  p r e d i c t i o n   a p p a r a t u s  of' t h e  s u b j e c t   i n a d e q u a t e .  

T h i s  was d e m o n s t r a t e d   i n  ea r ly  exper iments   which   showed 

no r e d u c t i o n   i n  phase l a g  or a m p l i t u d e  error w i t h  

c o n s i d e r a b l e   p r a c t i c e ,   a n d   I n d e e d   k n o w l e d g e  of the 

s t r u c t u r e  of t h e  i n p u t   s i g n a l  b y  t h e  s u b j e c t .   V e r i f i c a t i o n  

for this i n t e r e s t i n g   p h y s i o l o g i c a l   r e s u l t  I s  c o n t a i n e d  i n  

t h e  a n a l y s i s   s e c t i o n   u n d e r  the d i s c u s s i o n  of Pig .  23.  

Both t h e  s i n g l e   i n p u t   f r e q u e n c y  of  i n t e r e s t ,   a n d  its 

conlponent of  t h e  o u t p u t  were r e c o r d e d ,  as shown i n  F i g .  16. 

The   phase  lag b e t w e e n   c h a n n e l s  th ree  a n d   f o u r  has two 

componen t s :   one   due  to the  s u b j e c t ,   a n o t h e r ,  t o  the  

p o i n t e r   s e r v o  and f i l t e r .  The  phase lag d u e  t o  t he  

p o i n t e r   s e r v o   a n d  f i l t e r  were e l i m i n a t e d  by c a l i b r a t i o n .  



T h e   p o i n t e r   a n d   h a n d l e   s e r v o m e c h a n i s m s   c o n t a i n  a 

s u m m i n g   n e t w o r k ,   a n   e l e c t r o n i c  amplifier, a s e r v o m o t o r ,  

and a c o n t r o l l e d   r o t a t i o n a l   e l e m e n t   a t t a c h e d  t o  t he  s e r v o -  

motor shaft .  T h i s  r o t a t i o n a l   e l e m e n t  i s  a p o i n t e r   o n  

o n e   s e r v o ,   a n d  a h a n d l e   o n  t h e  o the r .  Each servo  has 

p o s i t i o n   a n d   v e l o c i t y   f e e d b a c k ,   a n d  these two 

parameters a.s well as t h e  g a i n  are  i n d i v i d u a l l y   a d j u s t a b l e .  

The " s t i c k   d y n a m i c s "  were c o n t r o l l a b l e   t h r o u g h  these 

a d j u s t m e n t s .  

The dynamics  of  t h e  handle  servoinechanism were 

a d j u s t e d  eo t ha t  t h e  s u b j e c t   r o t a t e d  the h a n d l e   a g a i n s t  

a s p r i n g  f o r c e  of 1 i n c h - o u n c e - s e c o n d   p e r   r a d i a n .  The 

s t l f f n e s s  was a n  i m p o r t a n t   f a c t o r   l i m i t i n g  t h e  s u b j e c t s '  

r e s p o n s e .  It was n o t   f r e q u e n c y - d e p e n d e n t ,   h o w e v e r ,   a n d  

therefore  d i d  n o t   c h a n g e  the form of t h e  Bode p l o t .  The 

v i s c o u s   f r i c t i o n  was a much smaller f a c t o r ,   e v e n   t h o u g h  

f r e q u e n c y - d e p e n d e n t .  It d i d  n o t   c o n t r i b u t e  as much 

t o r q u e  a s  t h e  s t i f f n e s s   u n t i l  t h e  Ereqgency  reached 15 c p s .  

T h e   f r e q u e n c y   r e s p o n s e s   o f   b o t h   s e r v o s  were o b t a i n e d   i n  

t h e  u s u a l   m a n n e r ,   a n d   n e i t h e r  l i m i t e d  the e x p e r i m e n t  o r  

e x p e r i m e n t a l   a c c u r a c y .  

P r e d i c t a b l e   i n D u t   a n d   t r a n s i e n t   e x p e r i m e n t .  The 

r e s p o n s e  of a s u b j e c t  t o  a s u d d e n l y  a p p l i e d  s i n u s o i d a l   i n p u t  



s i g n a l  from the p o i n t e r  goes t h r o u g h  t!Iree s u c c e s s i v e  

phases. I n  t h e  u p p e r   r e c o r d i n g   o f   F i g .  17 the movement of  

the p o i n t e r  i s  d i s p l a y e d ,  and on t h e  lower r e c o r d i n g ,  t h e  

movement by the s u b j e c t .   T h e  first of  the three p h a s e s  

i s  a r e a c t i o n  t h e  d e l a y ,   a n d  i s  t h e  p e r i o d   b e t w e e n  

numbers 1 and 2 a l o n g  t h e  time a x i s   i n   F i g .  17. When 

the  s u b j e c t   f i n a l l y  makes a movement a n d  e n t e r s   i n t o  t h e  

second ,  or " n e u r o l o g i c a l   r e s p o n s e "   p h a s e ,  shown  between 

numbers 2 and 3 a l o n g  t h e  time a . x i s   i n   F i g .  17, he 

g e n e l - a l l y  s tar ts  i n  t h e  p r o p e r   d i r e c t i c n  to c a t c h  up 

w i t h  the p o i n t e r .   S o m e t i m e s  t he  i n i t i a l  movement o f  

t he  s u b j e c t  i s  i n  Lhe o p p o s i t e   d i r e c t i o n ,   b u t  t h e  s u b j e c t  

s o o n   c o r r e c t s  himself and a t tempts  t o  f o l l o w  t h e  p o i n t e r .  

movement. For a va r l ab le  p e r i o d  of  time l a s t i n g  

a p p r o x i m a t e l y  0 .5  to 1.0 s e c o n d s   d u r i n g  t h i s  n e u r o l o g i c a l  

r e s p o n s e  phase, t h e r e  i s  a phase  lag i n  t h e  s u b j e c t ' s  

f'o1lowLng  moveulent a s  well 2 s  an a lnp1i l ;ude  d l f f e r e n c e ,  

E e n e r a l l y   r e s u l t i n g  j.n a T a . i r l y   s i z e a b l e  error .  The 

s u b j e c t ,  h o w e v e r ,   s o g n   p r e d i c t s  the  T u t u r e  course of a 

simple s i n u s o i d a l   m o t i o n   a n d  5.s able  t o  phase-advance   and  

c o r r e c t  hlls following movement s o  t h a t  h e  e v e n t u a l l y  

s y n c h r o n i z e s  his r e s p o n s e  with the i n p u t  s i g n a l ,  as shown 

to the r i g h t  of number 3 a l o n g  t h e  titne ax i s  i n  F ig .  17. 

It i s  t h i s  t h i r d  or " p r e d i c t e d   r e s p o n s e "   p h a s e  o f  o p e r a t i o n  
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which i s  t h e  steady-state r e s p o n s e  of a s u b j e c t  t o  a 

s i m p l e   p r e d i c t a b l e   i n p u t .  Rarely does i t  t a k e  a s u b j e c t  

l o n g e r   t h a n  a second  or +,wo t o  g e t  i n t o   p h a s e  t h r e e  and 

r e m a i n  there.  

U n D r e d i c t a h l e   i n p u t   e x D e r i m e n t .   I n   o r d e r  to p r o l o n g  

t h e  " n e u r o l o g i c a l   p h a s e "   a n d   e l i m i n a t e   p r e d i c t i o n ,  

e x p e r i m e n t s  of' t h e  u n p r e d i c t a b l e   s i g n a l   i n p u t   t y p e  

were per formed.   The  t o p  r e c o r d i n g  of F i g .  18 shows t h e  

sum v o l t a g e  of t h e  three i r , p u t   s i n u s o i d s ,  as t h e y   a p p e a r e d  

a t  t h e   p o s i t i o n  f eedback  p o t e n t i o m e t e r  of' t h e  s i g n a l  

i n p u t   p o i n t e r .  The waveform 3 s  seen by the  human eye 

a c r o s s  t h e  s t r e t c h  of  g r a p h   p a p e r ,   c o m p r i s i n g  20 s e c o n d s  

of time, shows c e r t a i n   r e g u l a r i t i e s .  However, t o  the  

s u b j e c t  who i s  c o n c e n t r a t i n g  on t h e   m o t i o n  of t h e  

p o i n t e r ,   a t t e m p t i n g  t o  r e m a i n   i n   c o i n c i d e n c e  by  moving 

t h e  har,dle - - loaded  w i t h  m o d e r a t e   v i s c o s i t y   a n d  

s t i f f n e s s - - ,   a n d   h a v i n g   o n l y   i n s t a n t a n e o u s   k n o w l e d g e  of 

p o i n t e r   p o s i t i o n ,  t h e  sigfial i n  t he  t o p   r e c o r d i n g   a p p e a r s  

q u i t e   u n p r e d i c t a b l e .  

The second r e c o r d i n g  of  plg.  18 shows the t o t a l  

o u t p u t  of t he  s u b j e c t   i n   f o l l o w i n g   t h i s   c o m p l e x   i n p u t  

s i g n a l  a n d  i t  i s  s e e n  to r e s e m b l e  t he  form of the i n p u t  

wi th  some degree of p r e c i s i o n .  
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The  components  or t h e   i n p u t   a n d   o u t p u t   s i g n a . l s   w h i c h  

were a n a l y z e d  are shown i n  the r e m a i n d e r  of t h i s  f i g u r e .  

The t h i r d  r e c o r d i n g   r e p r e s e n t s   o n e   f r e q u e n c y   c o m p o n e n t  

of i n p u t .   T h e  bot tom r e c o r d i n g  i s  o b t a i n e d  from the total 

o u t p u t  by p a s s i n g  i t  t h r o u g h  a na r row  bandpass  f i l t e r  

set  t o   t h e   s i n g l e   F r e q u e n c y  o f  t h e  i n p u t   s i g n a l  to b e  

s t u d i e d .  , ; i th  the data  o b t a i n e d  from the s i m p l i f i e d   i n p u t  

a n d   o u t p u t ,  g a i n  and p h a s e  lap; paralrleters be tween 

i n p u t  a n d   o u t p u t  were d e t e r m i n e d   e x a c t l y  3s I.n t h e  steady- 

s t a t e  response t o  a p r e d i c t a b l e  i n p u t .  '!Pilus t h e   p i - e d i c t i o n  

apparatus  of Lile human s u b j e c b  i s  preventel,'! I'roin dominat . ing 

t h e  p h y s i o l o g y  o f  t h e  n e u r o l o g i . c a 1  response. 

L i n e a r i t y .  An ec:r;ent:i.al p o r t i o n  o.? t h e  m i n  

exper . imenta l   c les ien  is 3 s t u d y  0:' the  va r l i a t fo t l  in 

s u b j e c t   p e r f o r m a n c e  over t h e  r a t y e  o f  i n p u t   a m p l i t u d e s .  

To u t i l i z e  l i n e a r  system analye ls  a check  31'3 th .e  l i n e a r i t y  

o f  t h e   s u b j e c t   o v e r   t h e  x7anges of' amplitudes of' t h e  ex- 

p e r i m e n t  i s  r e q u i r e d .   T h e   e x p e r i m e n t  o f  F i g .  19 shows 

the e f f e c t  of  d i f f e r e n t   i n p u t   a m p l i t u d e s .   A g a i n ,   t h e   f o u r  

r e c o r d i n g s  a r e  l a b e l e d  a s  t h e y  were i n  the  p r e v i o u s  

f i g u r e .   T h e   c e n t r a l   f r e q u e n c y   c o m p o n e n t  of t h e  u n p r e d i c t a -  

b l e  i n p u t  was mixed a t  t h r e e  p o i n t e r   a m p l i t u d e  leve ls ,  

&loo, 2 5 O ,  and O o ;  t h e   c e n t r a l   f r e q u e n c y   c o m p o n e n t  of t h e  

o u t p u t   o b t a i n e d   I n   e a c h  o f  these c o n d i t i o n s  i s  d e m o n s t r a t e d  
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i n   F i g .  19. Notice t h e  p r e s e n c e  of t h e  r e t n n a n t   r e s p o n s e ,  

d u e  t o  s u b j e c t   m o t i o n  which t r a n s i e n t l y  shocks t h e  f i l t e r .  

T h i s  i s  most a p p a r e n t   i n  t h e  0' r e c o r d i n s ,   a n d  i t s  

a m p l i t u d e  i s  c o n s i d e r a b l y  smaller t h a n  t he  s i g n a l   o b t a i n e d  

u n d e r   n o r m a l   e x p e r i m e n t a l   c o n d i t i o n s .  

E x p e r i m e n t a l  data j u s t i f y i n g  t he  l i n e a r   a p p r o a c h  

are d i s p l a y e d   i n   F i g .  20, l i n e a r i t y   c o n t r o l   e x p e r i m e n t .  

T h i s  i s  a p l o t  o f  t h e  o u t p u t   a m p l i t u d e  i n  d e g r e e s   v e r s u s  

t h e  i n p u t   a m p l i t u d e   i n  degrees, for three f r e q u e n c i e s  

commonly u s e d   i n  t h e  e x p e r i m e n t s .  These f r e q u e n c i e s  

were the c e n t r a l   f r e q c e n c i e s  of a c o m p l e x   u n p r e d i c t a b l e  

i n p u t  for three d i f f e r e n t  s e t s  o f  i n p u t  t r i a d s  of  

f r e q u e n c l e s .   N o t i c e  t ha t  the s u b j e c t ' s   r e s p o n s e  at a n y  

o n e   f r e q u e n c y  i s  l i n e a r   o v e r  a v e r y  wide  range of  i n p u t  

a m p l i t u d e .   T h e   d i f r e r e n c e s   i n   s l o p e s   f o r  t h e  three 

f r e q u e n c i e s   i n d i c a t e  some of  t h e  I n f o r m a t i o n   o b t a i n e d  

i n  t h e  R o d e  p l o t  o f  t h e  s u b j e c t ;  i t  i s  easier  for t h e  s u b j e c t  

to f o l l o w  0.6 c p s   t h a n  1 cps ,   and  easier  to f o l l o w  1 c p s  

than 2.5 cps.  Hence., his g a i n  i s  h igher  at 0.6 c p s   t h a n  

a t  o n e  o f  these h igher  f p e q u e n c i e s .   T h e  data  u s e d   i n  

the e x p e r i m e n t  of F i g .  20 were o b t a i n e d  froin e x p e r i m e n t s  

d e s i g n e d  to e l i m i n a t e   t r e n d   e f f e c t s .  A r o u g h  estimate of 

the v a r i a n c e  of  t h i s  t y p e  o f  e x p e r i m e n t  i s  i n d i c a t e d  b y  

the s c a t t e r  o f  t h e  p o i n t s   i n  t h i s  f i g u r e .  



F r e e w h e e l i n g   e x p e r i m e n t .  One f u r t h e r   t y p e  of 

e x p e r i m e n t a l  mode r e m a i n s  t o  b e  d e s c r i b e d .   I n   t h i s  

s i t u a t i o n  the p o i n t e r  i s  not used  as a n   i n p u t   s i g n a l ,  

b u t   t h e   s u b g e c t  i s  a s k e d  t o  o s c l l l a t e  t h e  h a n d l e   b a c k  

a n d   f o r t h  as r a p i d l y  a s  p o s s i b l e  w. i t iz  val-ying an!pl.itudes 

o f  o s c i l . l a t i o n   b e i n g   r e q u e s t e d .  

F i g u r e  21 shows a. set  o f  P r c e w h e e l i n g  mode e x p e r i -  

ments o f  t h e   t y p e   m e n t i o n e d  i n  khe i n t r o d u c t i o n   t o  t h i s  

s e c t i o n .   T h e s e   i l l u s t r a t e   a n   i n t e r e s t i n g   f a c t   c o n c e r n i n g  

t h e  human m o t o r   c o o m l i n a t i o n  system. T h e   u p p e r   r e c o r d i n g  

shows a set  o f  o s c i l l a t i o n s  with a mean frequency  :dhich 

i s  q u i t e   h i g h .  This was obta inec i  b y  a s k i n g  t h e  s u b j e c t  

to rotate t h e   h a n d l e  as Past a s  p o s s i b l e ,   p i c k i n g  a 

c o m f o r t a b l e   a m p l i t u d e  o f  swing .  It was n o t e d  that tile 

s u b j e c t  always l e t  h i s  m u s c l e s  go q u i t e  lax when cloj.ng 

t h i s  e x p e r i m e n t .  This i-lleans tkmt tlle systcln rllight well 

b e  o p e y a t i n g  a s  a n  open  l o o p  bang-ban:.; c o n t r o l  syste!lI. 

I n  t!le s e c o n d   r e c o r d i n g ,  ttle s u b j e c t  was r e q u e s t e d  

'io o s c i l l a t e  as  r a p i d l y  as he c o u l d ,   p r o v i d e d  always that 

h i s  hand was s t i f i '  e n o u z h   t o  be ab le  t o  r e c e i v e  a blcw 

w i t h o u t  beit-!z d e f l e c t e d  very much .L"rom i t s  c 3 u r s e .  In 

this c o n d i t i o n ,  the s u b j e c t  !.:ept his ar . ;onis t   and  antac;onis t  

c o n t r a c t e d   a z a i n s t  e a c h  ot;hs?r to a considerable d e g r e e .  
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The   I -owes t   r eco rd ing  of t h i s  f i g u r e  i n d i c a t e s  still 

a n o t h e r   a n d   v e r y   i n t e r e s t i n g   o p e r a t i n g  mode .   The   sub jec t  

i s  t o l d  t o  k e e p  t h e  f r e q u e n c y  a s  h igh  as p o s s i b l e ,   i n  

t h e  n o d e  of' t h e  f i r s t  p a r t  o f  t h e  i"5gure.  However, he i s  

i n s t r u c t e d  to i m a g i n e  t h e  p o i n t e r   c s c i l l a t i n g   b a c k   a n d  

f o r t h  a s  f a s t  as  he c a n   p o s s i b l y   t r a c k  i t  and i s  t h e n   i n -  

s t r u c t e d  t o  track t h i s  imaglna-ry p o i R t e r .  T h e   o s c i l l a t i o n  

i s  ma=lkec!ly slowed. P e r h a p s   b e c a u s e  o f  t h e  n e c e s s Z t y  t o  

t r a n s m i t   a n d   p r o c e s s  a l l  c o n t r o l   s i g n a l s   t h r o u g h  the 

imagery o f  t h e  m e n t a l   t y a c k i n g   p r o c e s s .  

F r e q u e n c y   R e s p o n s e   A n a l y s i s  

Expe r imen t .  A l a r g e  number of f r e q u e n c i e s  were 

a r r a n g e d   i n   r a n d o m   o r d e r   a n d  t h e  t p a c k i n g   r e s p o n s e s  

o f  f a i r l y  well t r a i n e 6   s u b j e c t s  wel-e s t u d i e d .  At e a c h  

f r e q u e n c y  t h e  r e s p o n s e s  to b o t h  p r e d i c t a b l e   a n d   u n p r e d i c t a -  

b l e  i n p u t s  were o b t a i n e d .  

T h e   r a t i o  o f  t h e  a m p l i t u d e  o f  t h e  c e n t r a l   f r e q u e n c y  

component o f  t h e  u n p r e d l z t a b l e  i n p u t  to t h e  s m p l i t u d e s  of 

t h e  outer   F ' requency   components  -;!as e i ther  1.C, C.5, or 3.0; 

c o r r e s p o n d i n g  tc; f 10 , ->', and 0 r e s p e c t i v e l y .   G a i n  0 -1". c) 

and   phase  l a g  a n a l y s i s  o f  t h e  e x p e r i m e n t s   as done  Inrnecii- 

a t e l y  f'olloi.7ing each ~ : n .  In a d d i t i o n  a set  oi' 



f r e e w h e e l i n g   e x p e r i m e n t s  was pe r fo rmed ;  these r e p r e s e n t  

limits 07 t he  p h y s i c a l   c a p a c i t y   o f  t h e  hand i n   a n y  

A n a l y s i s .  The b a s i c   r e l a t i o n s h i p s   w h i c h  will be 

d i s p l a y e d  a r e  t h o s e   o f   g a i n   a n d  phase l a g  as f u n c t i o n s  Of 

f r e q u e n c y .  A composi te   Bode  p l o t  i s  shown i n  P ig .  22 .  

T h e  r e s p o n s e  to t h e  p r e d i c t a b l e   i n p u t  has a g a i n  of' o n e  f'Qr 

a l m o s t  t h e  e n t i r e  range of f r e q u e n c i e s   s t u d i e d .  A t  

a p p r o x i m a t e l y  t h r e e  c y c l e s  p e r  second t h e  g a i n   d e c r e a s e s  

somer6lha.t u n t i l  t h e  end or the range. Hoivever,  t h e  d a t a  

are  s o m e w h a t   s c a t t e r e d   i n  t h i s  high r ' reyuency  end of' t he  

b e h a v i o r a l   r a n g e  o f  t h e  s u b j e c t .  

To d e l i n e a t e   f u r t h e r  t h e  a c t u a l   f r e q u e n c y  rcinge of 

t h e  m e c h a n i c a l  b e h a v i o r  o f  t h e  human hand i n  t h i s  e x p e r i -  

m e n t ,   c o n d i t i o n   o n e  of  t h e  f r e e w h e e l i n g   e x p e r i m e n t  is 

a l s o   p l o t t e d   o n  F ig .  22. T h e r e  i s ,  o f  c o u r s e ,   n o  

" g a i n "   v a l u e   p o s s i b l e  f o r  t h i s  f r e e w h e e l i n g ,   b e c a u s e  t h e r e  

is no phys ica l  i n p u t   s i g n a l   t o  t h e  system; therefore ,  t he  

a m p l i t u d e  is p l o t t e d  on F i g .  22 i n   m a g n i t u d e   f i g u r e s  

r e l a t i v e  t o  the d r i v e n  responses. It can  b e  s e e n  t ha t  an 

a l m o s t   v e r t i c a l   l i n e   b e c o m e s  less s t e e p  a t  low f r e e w h e e l i n g  

o s c i l l a t i o n   a m p l i t u d e s ,   a n d  t h i s  l i n e   a p p a r e n t l y   r e p r e s e n t s  
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the  maximum p e r f o r m a n c e  o f  t h e  h a n d   i n   a m p l i t u d e   a n d  

f r e q u e n c y .  

The c u r v e   s h o w i n g   t h e   r e s p o n s e  t o  a n   u n p r e d i c t e d  

s i g n a l   o v e r   t h i s   r a n g e  of f r e q u e n c i e s  i s  markedly d i f f e r e n t  

f rom t h e  o t h e r  two. T h i s   u n p r e d i c t e d   r e s p o n s e   s h o w s  a 

g a i n  o f  o n e  up  t o  1 c p s   a n d   t h e n  a, g r a d u a l   r e d u c t i o n  

a t  a minus  1 s l o p e  wi th  i n c r e a s i n g   f r e q u e n c y   e x c e p t  f o r  

two s u g g e s t i v e   p e a k s  a t  a p p r o x i m a t e l y  1 c p s   a n d  3 c p s .  

T h e r e  i s  a large area beyond 1 c p s  be tween  t h e  g a i n  

c u r v e s  of  p r e d i c t e d   a n d   u n p r e d i c t e d   r e s p o n s e s .  Th i s  r e g i o n  

r e p r e s e n t s   i n c r e a s e d   p e r f o r m a n c e   o f   t h e   s y s t e n   d u e  t o  t h e  

p r e d i c t i o n   o p e r a t i o n   w h i c h   e n a b l e s  t h e  s u b j e c t  to c o r r e c t  

p h a s e  a n d  g a i n  e r r o r   i n  his response,  and  so reduce the 

t o t a l   e r r o r .  

I n   F i g .  23 are  shown t h e  p h a s e  data as a f u n c t i o n  o f  

f r e q u e n c y   c o r r e s p o n d i n g  to t h e  g a i n  data  o f   F i g .  22. 

T h e   u p p e r   c u r v e   s h o w s   t h e   p l i a s e   r e s p o n s e  to t h e  p r e d i c t e d  

s i g n a l  i n p u t .  The   phase   changes   f rom 0 t o  a s l i g h t  

phase   advance .   Above  1 c p s ,  while t h e  mean p h a s e   p e l a t i o n -  

s h i p   c o n t i n u e s  to b e  o n e  o f  s l i g h t  phase  a .dvance,  t he  s c a t t e r  

of the p h a s e   i n c r e a s e s  m a r k e d l y .  The  cone-shaped limits 

a t  the  high f r e q u e n c y   e n d  of' t h e  u p p e r   c u r v e  are c r u d e  

v a r i a n c e  limits o f  t h i s  p h a s e   b e h a v i o r   i n  the  p r e d i c t e d  

e x p e r i m e n t s .  

0 
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The lower c u r v e   i n   F i g .  20 r e p r e s e n t s  the  p h a s e  

r e l a t i o n s h i p   o b t a i n e d  wi th  a n   u n p r e d i c t a b l e   s i g n a l   i n p u t .  

S e v e r a l   i n t e r e s t i n g   p o i n t s  a re  s e e n   i n  t h i s  p h a s e   p l o t ;  

f o r  one ,  t h e  phase l a g  i s  s teadi ly  i n c r e a s i n g  with 

f r e q u e n c y ,   a n   i n c r e a s e  more r a p i d   t h a n  i s  p o s s i b l e  f o r  a 

minimum phase lag system h a v i n g  t h e  g a i n  c h a r a c t e r i s t i c s  

of F i g .  19. T h i s   m e a n s  the  human s e r v o  has a non- 

minlmum phase l a g  e l e m e n t  or e l e m e n t s ,  when i n v e s t i g a t e d  

as a l i n e a r   s e r v o .   A n o t h e r   a s p e c t  of t h e  p h a s e   c u r v e  

i s  i t s  s e v e r a l  peaks  a n d   n o t c h e s ,   s h o w i n g   i r r e g u l a r i t i e s  

c o r r e s p o n d i n g  t o  p e a k s  o f  t h e  g a i n   c u r v e   a n d   c o n f l r m i n g  

t h e  p r e s e n c e  o f  t hese  f e a t u r e s   i n  t h e  g a i n   c u r v e .  

F i g u r e s  24 and 25 show t h e  g a i n   a n d  phase p l o t s  of' 

t h e  u n p r e d i c t a b l e   e x p e r i m e n t  for two a inpl i tuc les  of t h e  

cen t r a l   T requency   co inponen t s  o f  t h e  i n p u t  t r i ad .  The 

t x o  g a i n   a n d  t h e  t'do p h a s e  1a.S c u r v e s  a r e  very sirnilar, 

n o t   o n l y   i n  t h e i r  g e n e r a l   p a t t e r n s   b u t  also i n  much 

d e t a i l .  T h e r e  a r e  small b u t   s i g n i f i c a n t   d i f f e r e n c e s  

be tween t h e  r e s p o n s e s  t o  t h e  two  ampl i tudes ;   however ,  

these d i f f e r e n c e s   i n  t h e  g a i n   a n d   i n  t h e  p h a s e   c u r v e s  

a r e  similar i n   d i r e c t i o n .  Fo r  example,  t h e  h igh  f r e q u e n c y  

p e a k   i n  t h e  g a i n   c u r v e  or' t h e  5' a m p l i t u d e  i s  a t  a 

lower r ' r equency   t han  t h e  h i g h  f r e q u e n c y   p e a k   o f  t he  2 10' 
a m p l i t u d e   g a i n   c u r v e .  It c a n  b e  s e e n  that  t he  phase 
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c r o s s o v e r   f r e q u e n c y  i s  a t  a lower f r e q u e n c y   i n   t h e  2 5' 

p h a s e   c u r v e   t h a n   i n  t h e  $- 10' p h a s e   c u r v e .   T h e s e  correla-  

t i o n s  show the  data to be consistent w i t h i n   t h e m s e l v e s   a n d  

srlggest t ha t  t h e  d e t a i l e d  fea tures  a re  r e l i ab le  o b s e r v a t i o n s .  

T h e   e f f e c t  of a m p l i t u d e   c h a n g e   d e m o n s t r a t e s  t h e  p r e s e n c e  of 

some n o n l i n e a r i t i e s   i n   t h e  systen.  T h i s  i s  similar to 

t he  e x p e r i m e n t   r e p o r t e d   b y  S ta rk  and   Bake r  ( 6 8 )  w h e r e i n  

t h e  t r a n s f ' e r   f u n c t i o n   c h a r a c t e r i s t i c s  of the p u p i l  

s e r v o  c o n t r o l  system were changecl  and t h e  f r e q u e n c y   o f  

t he   h igh  g a i n   o s c i l l a t i o n   w h i c h   r e p r e s e n t e d  its 

r e s o n a n t   p e a k  was sh i f ted  i n  a p a r a l l e l  manner .  

F i g u r e  26 i s  a p o l a r   p l o t  of g a i n  a n d  p h a s e  d a t a  

f rom t h e  u n p r e d i c t a b l e   e x p e r i m e n t .  T h i s  1Jyqu.ist p l o t  of 

g a i n  a s  a f u n c t i o n  of phase lag has  f r e q u e n c y  a s  a 

m o n o t o n i c a l l y   i n c r e a s i n f ;   f u n c t i o n   c l o c k w i s e   a r o u n d  t h e  

c u r v e .  

Summary 

T h e   d y n a x i c   c h a r a c t e r i s t i c s  of t h e  hurnan motor 

c o o r d i n a t i o n   s y s t e m   d i y f e r   d e p e i z d i n g   u p o n  the p h y s i o l o g i c a l  

s t a t e .  By u s i n g   c o m p l e x   i n p u t s  t h e  p r e d i c t i v e   a p p a r a t u s  

i s  e l i m i n a t e d   a n d  s teady-state  e x p e r i m e n t s   c a n  b e  used  

t o  s t u d y  the n e u r o l o g i c a l   r e s p o n s e .  A se r ies  o f  l i n e a r i t y  
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a n d   o t h e r   c o n t r o l   e x p e r i m e n t s   e l u c i d a t e  the l i m i t a t i o n s  

a n d   a d e q u a c i e s  of t h e  methods. Some of  the f e a t u r e s  

shown are r e s o n a n t  peaks  n e a r  1 and  3 c p s   a n d  bo th  

minimum and  non-minimum phase e l e m e n t s .  
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IV. TRANSIENT RESPONSE DYNAMICS O F  THE 
MOTOR COORDINATION SYSTEN I N  MAN 

I n t r o d u c t i o n  

T h e m e t h o d s   d i s c u s s e d   i n  this s e c t i o n   r e p r e s e n t  

a t t e m p t s  t o  q u a n t i t a t i v e l y   d e f i n e  the t r a n s i e n t  

dynamics  of  the m o t o r   c o o r d i n a t i o n  system i n  man. 

A new h y p o t h e s i s  I s  s u g g e s t e d   w h i c h   s e p a r a t e s   a d a p t a t i o n  

i n t o  two components :  (1) a p e r l p h e r a l  a d a p t a t i o n   i n v o l v i n g  

g a i n   s e t t i n g s  a n d  d y n a m i c   c o n t r o l  of t h e  pe r iphe ra l  

p o s t u r a l   c o n t r o l  system, and ( 2 )  a c e n t r a l   p r e d i c t i o n  

of i n p u t   c h a r a c t e r i s t i c s  a n d  a p r e - f ' i t t i n g  o f  b a l l i s t i c  

command s i g n a l s   f o r   c o m p e n s a t i o n .  

A s t u d y  o f  t h e  time d o m a i n   b e h a v i o r   i n   t n i s   s e c t i o n  

e x p o s e s  t h e  i n t e r m i t t e n t   c h a r a c t e r i s t i c s  o f  m a n u a l   c o n t r 3 1  

b e h a v i o r .   F u r t h e r ,  i t  permi ts  d e m o n s t r a t i o n  o f  t h e  

t i m e - v a r y i n g   a n d   a d a p t i v e   n a t u r e   o f  t he  movement c o n t r o l  

system. r ' irst,  t h e  i m p o r t a n c e  of  t h e  p r e d i c t i o n   o p e p a t o r  

i s  shown. Next, i n t e r a c t i o n s   b e t w e e n  t h e  eye and  hand 

con. t ro1  mechanism a re  s e e n  t o  b e  i n t r i c a t e .   X e c h a n i c a l  

d i s t u r b a n c e   i m p u l s e   r e s p o n s e s   d e f i n i n g  t h e  p o s t u r a l  

c o n t r o l  system a r e  d e m o n s t r a t e d  t o  b e  f i t t e d  by q u a s i - l i n e a r  

s e c o n d - o r d e r  system models ,  while r e s p o n s e s  t o  v i s u a l   i n p u t s ,  

i n v o l v i n g   a n   i n t e r a c t i o n   b e t w e e n  the v o l u n t a r y   c o n t r o l  sy- 

stem and the p o s t u r a l   s e r v o , a r e  more complex. 
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Most q u a n t i t a t i v e   d e s c r i p t i o n s  of huynan motor  

c o o r d i n a t i o n  r e ly  e x t e n s i v e l y   u p o n   f r e q u e n c y   r e s p o n s e   d a t a  

b o t h   b e c a u s e  i t  i s  p o s s i b l e  i n  t h o s e   s t e a d y - s t a t e   e x p e r i -  

ments  t o  m a i n t a i n  t h e  c o n t r o l  Eystem i n  a q u a s i - s t a t i o n a r y  

a n d   q u a s i - l i n e a r  s t a t e ,  a n d   b e c a u s e   o f  t h e  power of  a n a l y t i c  

m a t h e m a t i c a l   m e t h o d s   i n  t h e  f r e q u e n c y   d o r m i n .  The aim, 

however,  i s  n o t   o n l y   t o   a p p r o x i m a t e   a c c u r a t e l y   b e h a v i o r a l  

c h a r a c t e r i s t i c s  of' t he  system  by sone a n a l y t i c a l   e x p r e s s i o n  

b u t   a l s o  t o  determine t h e  u n d e r l y i n g   n e u r o l o g i c a l  a n d  

physiologica.1  mechanisms  which  compose human movement 

c o n t r o l .  For t h i s  p u r p o s e  t h e  time domain  shows  more 

c l e a r l y   a n d   r a p i d l y  t h e  c h a n g i n g   c h a r a c t e r i s t i c s  of  t h e  

movement c o n t r o l  system u n d e r   d i f f e r e n t   e x p e r i m e n t a l  

o p e r a t i n g   c o n d i t i o n s .   A l s o ,   c e r t a i n   i n t e r e s t i n g  d i s -  

c o n t i n u o u s  or s a r n p l e d - d a t a   p r o p e r t i e s   b e c o m e   a p p a r e n t  when 

vie-decl i n  t h e  t ime d o m a i n .   T h e   e x p e r i m e n t a l   r e s u l t s  

r e f e r r ed  t o  i n  t h i s  s e c t i o n  a r e  a l l  b a s e d  on t he  r e s u l t s  

of  S t a r k ,  Houk, Okabe and Willis a t  M.I.T. 

ExDer imenta l   ADpara tus  

T h e   e x p e r i m e n t a l   a p p a r a t u s  was d e s i g n e d  t o  h a n d l e  

t r a n s i e n t   v i s u a l   a n d   m e c h a n i c a l   i n p u t s ,   t o   q u a n t i t a t e  t h e  

s teady t e n s i o n  l e v e l  a n d  t o  r e c o r d  b o t h  r e s p o n s e s  i n  t h e  

form of  wrist r o t a t i o n  a n d  angle  of h o r i z o n t a l   g a z e  of  the 

e y e s .   P r e d i c t a b i l i t y  of t h e  t a r g e t   p o s i t i o n  wa.s 

c o n t r o l l e d  a n d  eye   and  wrist movements were 
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compared i n   o r d e r  t o  a s c e r t a i n  t he i r  respec t ive  ro les  i n  

v i s u a l - m o t o r   t r a c k i n g ,  With t h e  u s e  of  v i s u a l   a n d  

m e c h a n i c a l   i m p u l s e s  i t  was p o s s i b l e   t o   c o m p a r e  t h e  

v o l u n t a r i l y   c o n t r o l l e d  movement t o  t h e  subsequen t   damping .  

T h i s   f o l l o w i n g   p h a s e  was shown similar t o  the p o s i t i o n  

r e g u l a t i o n   r e s p o n s e  t o  m e c h a n i c a l   i m p u l s e   d i s t u r b a n c e s .  

ExDerimental   Method 

The  method o f  s t u d y i n g  t h e  r o t a t i o n  of t h e  wrist 

of  a n  awake c o o p e r a t i v e   s u b j e c t  has b e e n  d e s c r i b e d  i n  

t h e  p r e v i o u s   s e c t i o n .  Ce r t a in  m o d i f i c a t i o n s  were made i n  

t h e  a p p a r a t u s  a s  shown i n   F i g .  27. A c c o r d i n g l y  a mirror  

g a l v a n o m e t e r  was employed f'or v i s u a l   t a r g e t   g e n e r a t i o n ,  

h a v i n g  a f r e q u e n c y   r e s p o n s e  f l a t  t o  80 c p s  when se t  for 

c r i t i c a l   d a m p i n g   a n d   b e i n g  l i nea r  o v e r  a r a n g e  of f 25'. 

A w i d e  r a n g e  of s t i m u l i   c o u l d   t h u s  b e  employed. 

A f u r t h e r   a d d i t i o n   t o  t he  a p p a r a t u s  was a m e c h a n i c a l  

pendu lum  whose   pos i t i on  was m o n i t o r e d   b y   a n o t h e r   p o t e n t i o -  

meter, i n   a d d i t i o n  t o  t h e  o n e   m e a s u r i n g  t h e  r e s p o n s e   o f  

the s u b j e c t   a n d  t h e  r o t a t i o n  of t h e  wrist. It d e l i v e r e d  

i m p u l s e s  of  t o r q u e   t o  t h e  h a n d l e  shaf t  a n d   t h u s   t o  t b e  

s u b j e c t  I s. wrist. 
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T r a v e l   a n d   r e b o u n d   a n g l e s ,   l e n g t h   a n d  weight of t h e  

p e n d u l u m ,   a n d   e l a s t i c i t y  of i m p a c t   d e t e r m i n e  the i n p u t  

e n e r g y   i n j e c t e d   i n t o  t h e  system. 

For m e a s u r i n g   v o l u n t a r y   t e n s i o n ,  t h e  he ight  of t h e  

m e r c u r y   c o l u m n   c o n t r o l l e d  b y  a sphygnornanoneter   cuf f  

a t t a c h e d   t o  t h e  f o r e a r m  was used .  

A number   o f   exper iments   compar ing  eye and  hand  movement 

were p e r f o r m e d .   D i r e c t i o n  of g a z e  or' t h e  s u b j e c t  was 

moni to red  b y  a p a i r  o f  lamps a n d   p h o t o c e l l s   c o n n e c t e d   i n  

a b r i d g e  so as  t o  p r o d u c e   a n   o u t p u t   v o l t a g e   p r o p o r t i o n a l  

t o  d i f f e r e n t i a l  area of the s c l e r a e   o n  e i the r  s i d e  o f  

t h e  i r is .  The method has b e e n   d e s c r i b e d   i n  a r e c e n t   p a p e r  

on eye t r ack ing   movemen t s  (74 ) .  

E x p e r i m e n t a l   R e s u l t s  

S q u a r e  wave e x p e r i m e n t s .  The i m p o r t a n c e  of  su - f f i -  

c i e n t l y   c o n t r o l l i n g   t h o s e   c h a r a c t e r i s t i c s   o f  the i n p u t  

s i g n a l   w h i c h  make i t  e i ther  p r e d i c t a b l e  or u n p r e d i c t a b l e  

has b e e n  e x p e r i m e n t a l l y   d e m o n s t r a t e d  f o r  b o t h  the hand  

a n d  t h e  eye t r a c k i n g   c o n t r o l   s y s t e m ( 7 1 ) ( 7 4 ) .  The f o l l o w i n g  

e x p e r i m e n t s  were d e s i g n e d  to s t u d y  these i n p u t   c h a r a c t e r i s -  

t i c s  a n d  some of  t h e  i n t e r a c t i o n s  between h a n d  and eye 

movement. 
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T h e   e x p e r i m e n t a l   r e c o r d s   . s u c h  a s  t h o s e  of P i g .  28 

show a s u b j e c t   r e s p o n d i n g  to a n   u n p r e d i c t a b l e   s t e p   c h a n g e  

i n  target p o s i t i o n .   I n   a d d i t i o n  to time f u n c t i o n s  as 

shown i n   F i g .  28, several o t h e r   d i s p l a y s  o f  system b e h a v i o r  

were o b t a i f i e d .   T h e s e   i n c l u d e   s e q u e n t i a l   p a t t e r n s  of  res- 

p o n s e  times a s  i n  F i g .  29, h i s t o g r a m s  o f  r e s p o n s e  times 

i n  F i g .  30 a n d   m e d i a n   r e s p o n s e  times as  a f u n c t i o n  of 

f r e q u e n c y  of i n p u t   s q u a r e  wave i n   F i g .  31. 

When t h e  s t e p s  a re  u n p r e d i c t a b l e  or when t h e  p e r i o d  

be tween s teps  i s  a p p a r e n t l y   t o o   l o n g  f o r  p r e d i c t i o n s  t o  

be attempted, r e s p o n s e  times show a n   a v e r a g e   v a l u e  of  

a p p r o x i m a t e l y  0.25 s e c o n d s  (F igs .  28a, 28b, 30a, 3 0 b ) .  

If the time i n t e r v a l   b e t w e e n  ta rge t  jumps i s  r e d u c e d  

and i f  d y n a m i c a l   c h a r a c t e r i s t i c s  of t h e  m e c h a n i c a l  

system " (musc le s ,  loads, a p p a r a t u s ) "  p e r r n i t  r a p i d  

f o l l o w i n g   m o v e m e n t s ,   t h e n  t h e  r e s p o n s e s   o f t e n  show e f f e c t s  

o f  p r e d i c t i o n .  P r e d i c t i o n   c a n  b e  o b s e r v e d  most s f i n p l y   a s  

a d i m i n u t i o n  o f  i n d i v i d u a l   r e s p o n s e  times as i n   P i g s .  %by 

23c  and 28f, as well a s  i n  the m e d i a n   r e s p o n s e  times shown 

i n   F i g .  3C)c. 

A n e g a t i v e   r e s p o n s e  t i n e  sometimes o c c u r s  if t h e  

s u b j e c t   a n t i c i p a t e s  t h e  ta rge t  j u m p .   F u r t h e r m o r e   t h e  

n e g a t i v e   r e s p o n s e  time may b e  large enough to p e r m i t  

t h e  s u b j e c t  t o  a r r i v e  a t  t h e  new ta rge t  l o c a t i o n   b e f o r e  
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the  t a rge t  does, even a f t e r  a l l o w i n g  f o r  time of  a c t u a l  

movements; this i s  termed " o v e r   p r e d i c t i o n " .   T h e  

s e q u e n t i a l   p a t t e r n  o f  r e s p o n s e  times i n  . P i g .  29 shows t h a t  

there  i s  n o   c o n s i s t e n t   t r e n d   e f f e c t  ( a f t e r  i n i t i a l  

t r a n s i e n t )   i n  these c h a n g i n g   r e s p o n s e  times b u t  ra ther  

a n   i r r e g u l a r  se r ies  o f  delays ( p o s i t i v e   r e s p o n s e  times), 

r e d u c e d   d e l a y s   a n d   s l i g h t   a n t i c i p a t i o n s   ( p r e d i c t i o n s ) ,  

and larger a n t i c i p a t i o n s   ( o v e r   p r e d i c t i o n s ) .   T h e  

d e p e n d e n c e   o f   m e d i a n   r e s p o n s e  time o n   f r e q u e n c y  of 

r e p e t i t i v e   s q u a r e  wave p a t t e r n  i s  shown i n  Fig.  31. 

P r e d i c t i o n  i s  t h e  r u l e  a t  t h e  h i g h e r   f r e q u e n c i e s .  

E v e n t u a l l y  a t  a c e r t a i n  p o i n t ,  t h e  dynamics o f  t h e  wrist 

a n d   u n l o a d e d   a p p a r a t u s   p r e v e n t   a c c u r a t e   d e t e r m i n a t i o n  of  

r e s p o n s e  time even  with the  u s e  o f  d e r i v a t i v e  o f  i t ? p u t  

a n d   o u t p u t  as d e m o n s t r a t e d   i n   F i g .  28d .  

O b s e r v a t i o n  o f  t h e  s u b j e c t ' s  eyes d u r i n g  hand  t r a c k i n g  

i n d i c a t e d  t h a t  eye movements  occurred  when t h e  hand i s  

t r a c k i n g  a squa re   wave  t a rge t  mot ion  with a f r e q u e n c y  of 

1 . 3  c p s   a n d   a n   a m p l i t u d e  of 2 10' o r  - 20 . However, t h e  

hand i s  still able  t o  t r a c k  a t  2.5 c g s ,  w h i l e  t h e  eye 

a p p e a r s   s t a t i o n a r y .  It; a p p e a r e d  thac  t h e  hand egsten 

c o u l d   o p e r a t e   i n  a h i g h e r   f r e q u e n c y   r a n g e   t h a n  t h e  eye 

movement system, s u g g e s t i n g  tha, t  eye t r a c k i n g  is n o t  a 

p r e - r e q u i s i t e   f o r   h a n d   t r a c k i n g .  
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Eye-hand  comparisons. The eye  muscles  have  considerable 

power  with  respect  to  their  constant  load,  the  eyeball,  and 

show faster  rise  times  than  the hand  when  tracking  rapidly 

alternating  signals as shown  in Fig. 32. Examples of eye 

and  hand  responses  both  recorded  simultaneously  to 

irregular  steps  and  slower  regular  steps  are  also 

illustrated  in  Fig. 32. For these  inputs  the  eye  has 

shorter  response  times  than  the  hand. At moderate 

frequencies (0.7 to 1.0 cps)  the  hand  develops  prediction 

faster and  to a greater  extent  than  the  eye. At higher 

frquencies  (1.2  cps)  the  hand  shows  considerable  prediction, 

while  the  median  eye  response  time  begins to  lag (see 

Fig. ~ O C ,  31  and 32~). 

At low frequencies  there  is  some  correlation  evident 

between  eye  and  hand  response  times as is shown  in  Fig. 32. 
However,  at  high  frequencies,  the  eye  may  spontaneously 

stop  moving  without  noticeably  interfering  with  hand 

tracking, as clearly  demonstrated  in  Fig. 33. The  target 

swing was 2 20' in this experiment.  The  triangular  points 

in  Fig. 31 are data  from  wrist  tracking  movements  while 

the  eye  was  held  stationary,  again  showing  hand  movement 

independent of eye  tracking  movement  under  these  experi- 
mental  conditions.  On  the  other  hand,  hand  movement 

clearly  and  consistently  seems  to  aid  the  eye  tracking 



movement  control  system.  Figure 33b shows  a  typical 
example  of  improved  eye  movement  performance  when  hand 

tracking  occurs.  Similarly,  deterioration of performance 

is noted  when  hand  tracking is stopped a6 the  result  of 

an  instruction  to  the  subject. 

Imsulse  resDonse  exseriments.  Experiments  were 

performed In order  to  attempt  to  quantitate  the  mechanical 

state of the  position  control  system  of  the  wrist and the 

ability  of the voluntary  tracking  system  to  reproduce 

impulses  of visual  target;  motion. 

The mechanical  system of the  pendulum,  apparatus  and 

forearm for these  impulse  response  experiments  are 

represented  in  the  mobility  analog of Fig. 34. With  the 

use of equivalent  second  order  SySteLS f o r  the  apparatus 

and  the  wrist  with  all  elements  in  parallel,  subtraction 

of  the  equivalent  admittance  values of the  machine  from 

the  respective  values  of  the  total  pesponse is permitted. 

The  mechanical  impulse  response (hm(t)) of the  wrist 

seems  to  be  well  fitted by a  simple  underdamped  second sr-dep 

equation as shown  by  the  examples  in  Fig. 35. Approximate 

values  found for the  equivalent  mechanical  parameters of 

wrist  rotation are:  inertia: J = -0.5 x newton-meters- 

second2-radians ; viscosity, B = 1.5 x newton-meters- -1 



second-radian- ' ;   and e las t ic i ty ,  K = 2.0 x newton- 

me te r s - r ad iang1 .  The n e g a t i v e   v a l u e   f o r   I n e r t i a  I s  the 

r e s u l t  of s u b t r a c t i n g  two larger v a l u e s   a n d  I s  n o t  

b e l i e v e d   t o  be s i g n i f i c a n t .  

The c h a r a c t e r i s t i c s  of the r e s p o n s e   ( h v ( t ) )   o f  the 

wrlst t o   a n   i m p u l s e  of v i s u a l  target movements are more 

complex, as shown i n  Fig.  35b. It is p o s t u l a t e d  that 

h v ( t )  has two phases: the f irst ,  c o n s i s t i n g  of t he  time 

delay and the f irst  o v e r s h o o t ,  is c o n s i d e r e d  a v i s u a l l y  

d r i v e n  r e s p o n s e .  After a t r a n s i t i o n   p e r i o d ,  the second 

o r   " fo l low-up"   movemen t ,  h f ( t ) ,  is c o n s i d e r e d   t o  be 

c o n t r o l l e d  by the p o s t u r a l   r e f l e x   l o o p   a t t e m p t i n g   t o  

b r i n g  the hand t o  rest. Thus i t  i s  o n l y  t h i s  second 

p o r t i o n ,  h f ( t ) ,  that i s  c o m p a r a b l e   t o  the m e c h a n i c a l  

r e sponse .   However ,   on ly  30% of the h v ( t )  r e c o r d s  

y i e l d e d  h f ( t )  p o r t i o n s  tha t  c o u l d  be r e a s o n a b l y   d e s c r i b e d  

by a s e c o n d   o r d e r  f i t ,  and   even  these data show c o n s i d e r a b l e  

s c a t t e r .  

Effects of t e n s i o n  on immlse r e s o o n s e s .   S t r i k i n g  

effects  were o b t a i n e d   i n   f r e e w h e e l i n g   e x p e r i m e n t s  as 

shown i n  Fig. 36 with change  i n  s u b j e c t  set ,  especially 

wi th  change i n   t e n s i o n  set t o   c o n t r o l   e x p e c t e d   i m p u l s e  

d i s t u r b a n c e s  that o c c u r r e d   r a n d o m l y .   I n   o r d e r   t o   f u r t h e r  
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q u a n t i f y  t h e  b e h a v i o r  of t h e  c o n t r o l   m e c h a n i s m  f o r  

movement   and   pos ture ,  the  i m p u l s e   e x p e r i m e n t s  were 

conduc ted  a t  a var ie ty  of l e v e l s  of t e n s i o n .   F i v e  

d i f f e r e n t   l e v e l s  of t e n s i o n   p r o d u c e d   s m o o t h l y  graded  

r e s p o n s e   c h a r a c t e r i s t i c s   f r o m   m o s t   r e l a x e d  t o  most 

t e n s e  states.  

The most s t r i k i n g   e f f e c t s  were t h e  decrease i n  

a m p l i t u d e  of h ( t ) ,  t h e  m e c h a n i c a l   i m p u l s e   r e s p o n s e  

w i th  t e n s i o n ;  t h i s  was accompanied by a n   i n c r e a s e   i n  

r i n g i n g   f r e q u e n c y  as c a n  be s e e n  by compar ing  F igs .  

35a and 35c. S i m i l a r   e f f e c t s  were shown i n   s e v e r a l  

h u n d r e d   e x p e r i m e n t s   o n   a b o u t  s i x  s u b j e c t s .   F i g u r e  37 

shcws a p l o t   o f  the v a r i a t i o n  o f  t h e  e q u i v a l e n t   m e c h a n i c a l  

parameters J, B and K as a f u n c t i o n   o f   t e n s i o n .  K i s  a 

s t r o n g   f u n c t i o n  of  v o l u n t a r y   t e n s i o n ,  whi le  B i n c r e a s e s  

o n l y  s l i g h t l y  wi th  i n c r e a s e   i n   t e n s i o n ;  as  before,  v a l u e s  

of J are small, t h e  r e s u l t s  of s u b t r a c t i n g  two large 

v a l u e s ,   a n d  are n o t   b e l i e v e d  t o  be  s i g n i f i c a n t .  

m 

The po le s  of t h e  e q u i v a l e n t   s e c o n d   o r d e r  system are  

a t  S = - 8  - j u d  where 'd a n d  ud are t h e  real  and 

imag ina ry   componen t s  of t h e  complex poles .  The e f f e c t  o f  

t e n s i o n  .on t h e  system i s  shown i n  F ig .  38 by  the l o c u s  of 

u p p e r  h a l f  p l a n e   p o l e s .  The p r i n c i p a l   e f f e c t s  of a n  

+ 
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i n c r e a s e   i n   v o l u n t a r y   t e n s i o n   o n  the h m ( t )  e q u i v a l e n t  

s e c o n d   o r d e r  system are a n   i n c r e a s e   i n   a b s o l u t e   b a n d w i d t h  

and a s l i g h t  d e c r e a s e   i n   d a m p i n g   c o n s t a n t .  When J, B 

and K p a r a m e t e r s  are  d e t e r m i n e d  f o r  h f ( t )  p o r t i o n s   o f  

h , ( t )  a n d  the p o l e   c o n f i g u r a t i o n   c o m p u t e d  i t  i s  seen 

that  the p o l e  p a t h  as a f u n c t i o n   o f   t e n s i o n  i s  rather 

similar f o r  h f ( t )  and h ( t )  (Fig .  38). C o n s i d e r a b l e  

sca t te r  i n  h ( t )  p o l e s   c a n  be no ted .   The  p r i n c i p a l  

c o r r e l a t i o n  of t h e  h f ( t )  e q u i v a l e n t   s e c o n d   o r d e r   s y s t e m  

wi th  i n c r e a s e   i n   v o l u n t a r y   t e n s i o n  i s  i n c r e a s e  i n  

a b s o l u t e   b a n d w i d t h .  

m 

f 

As d i s c u s s e d   a b o v e  the r e s p o n s e  h v ( t )  o f  t he  eye- 

f o r e a r m   r o t a t i o n  system t o  a v i s u a l   i m p u l s e  i s  c o n s i d e r a b l y  

more  complex than t h e  r e s p o n s e  h(t) t o  a m e c h a n i c a l  

i m p u l s e ,   a n d   o n l y  t h e  " f o l l o w - u p "   p o r t i o n  h f ( t )  was 

compared t o  t h e  m e c h a n i c a l   r e s p o n s e .  Nevertheless, for 

b o t h   v i s u a l  a n d  m e c h a n l c a l   r e s p o n s e ,  F igs .  35b a n d  35d 

show tha t  the same q u a l i t a t i v e   c h a n g e s  appear w i t h  

i n c r e a s e  i n  t e n s i o n .  When t h e  h v ( t )  c u r v e s  a re  

p a r a m e t e r i z e d  as t o  ( a )  number  of r i n g i n g  c y c l e s ;  

(b) average r i n g i n g   f r e q u e n c y ;  ( e )  a m p l i t u d e   r a t i o ;  a n d  

( d )  time delay, a l l  as a f u n c t i o n   o f   t e n s i o n ,  i t  can  

be n o t e d  (see Fig.  39) tha t  similar changes  ( b ) ,  or l a c k  

of change  ( a )  and ( d ) ,  o c c u r  wi th  b o t h  hm(t)  and h v ( t )  

r e s p o n s e s .   T i m e   d e l a y  is ,  o f   c o u r s e ,   z e r o   f o r  h m ( t ) .  
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Little  change in amplitude or shape of the  initial 

portion of hv(t) or in  the  time  delay is seen as a 

function of tension. It was felt that  unpredictable 

changes of target  position were not  fully  accomplished 

in  this  experiment,  because  the  target  pulse  was  always 

of constant  width,  amplitude  and  duration.  With  the 

removal of these  restrictions  interesting  phenomena 

appeared  relating  to  earlier  studies  on  psychological 

refractory  period and to sampled  data  approaches  to  these 

neurological  control  systems. 

SamDled  data  characteristics.  Recent  studies  have 

suggested  that  the  eye  movement  tracking  system  can  be 

treated as a  sampled  data  system (84 ).  For present 

purposes it is sufficient  to  realize  that  the  discrete 

nature of sampled  data  systems is similar  to  the  notion 

of a  refractory  period,  a  common  phenomenon in neuro- 

physiology.  Other  discontinuous  control  systems  such as 

quantized  systems  have  properties  in  common  with  sampled 

data  systems,  and  indeed  the  hand  movement  system  demon- 

strates  characteristics o f  quantization as well. 

When  slowly  moving ramps are  used as input  target 

signals,  and  the  subject  tracks this input  with  a  device 

that  offers  very  small  mechanical  impedance,  a  response 



similar  to  that of Fig. 40 occurs. The output  response 

consists of step-like  changes in position  which  occur  with 

irregular  intervals  and  amplitudes. The output  signal 

rotary  motion  transducer  had an effectively  infinite 

resolution,  and  neither  friction  nor  any  other  component 

of the  mechanical  impedance of the  transducer was of 

sufficient  magnitude  to  play an important  role  in  the 

dynamics of the  system.  Early  studies  utilizing  this 

input  suggested  that  the known  sampled-data  properties 

of  the  eye  tracking  system  were  possibly  related t o  these 

steplike  responses but  recent experiments  have 

failed  to  confirm  this  conjecture (50) 

When  pulses of varying  width are used as input  target 

signals  and  are  presented  irregularly  in  time,  a  response 

similar to that shown In Fig. 41a is  obtained.  Delays of 

approximately 150-250 msec  before  the  rapid  response 

motions  occur for both  leading  and  trailing  edges of 

the ir.put target  motlon.  This  delay  in  response  has 

several  components in addition  to  nerve  conduction  time 

and is scmetimes  called  the  psychological  refractory 

period. When a pulse of extremely  narrow  width is supplied 

unpredictably as an input  target  motion, a normal  delay 

occurs  before  the  response  movement  to  the  leading  edge of 
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the  input  motion, as shown in Fig. 41b. However,  the 

response  motion to the  trailing  edge of the  input  motion 

has a much  prolonged  delay, 400 msec  in  the  case  illustrat- 
ed in Fig.  41b. This prolonged  delay  can  be  accounted 

for as a  normal  refractory  period  that  starts  after  the 

initial  response  motion,  rather  than  being  triggered by 

the  trailing  edge  of  the  input  target.  This  behavior  would 

be  characteristic of a type  of  sampled-data  system.  Con- 

trast  this  widened  response  to  a  short  pulse  with  the 

rather  narrow  responses of Figs. 35b and 35d. Here  the 

pulse is unpredictable  only  in  time of' occurrence. The 

subject knows that any disturbance  would  be  a  short  pulse 

and accordingly  pre-programmed a double  sequence  of 

movements  to  match  the  short  pulse  when  triggered by the 

appearance  of a disturbance.  Similar  evidence has been 

shown for the  eye  movement  control  system. 

For  a  motor  coordination  sampled-data  system  with  the 

transient  responses  shown  in Figs .  40 and 41,  the 

frequency  response to  wide  bandwidth  inputs  demonstrated  a 

peak at one-half  the  sampling  frequency,  (or at approxi- 

mately 2-3 cps for sampling  intervals 0.16  to 0.25 secs), 

as well as an  absence  of  coherent  tracking  characteristics 
at  frequencies  greater  than  this  peaking  frequency.  There 

exists  very  little  experimental  data  that  clearly  support 



the  o c c u r r e n c e  of t h i s  s u g g e s t e d   p e a k i n g   f r e q u e n c y ,   s i n c e  

most  of these e x p e r i m e n t s   h a v e   u s e d   i n p u t   b a n d w i d t h s  with 

e i ther  much l o w e r   f r e q u e n c i e s   t h a n  3 cps  o r  else t o o  

l i t t l e  power a t  these higher f r e q u e n c i e s   t o   o b t a i n  

e f f e c t i v e   r e s p o n s e s   n e c e s s a r y   t o   d e m o n s t r a t e  t h e  peak .  

Bekey ( 6 ) i n  the  m o s t   c o m p l e t e   s t u d y  of sampled -da ta  

p r o p e r t i e s  of the  m a n u a l   t r a c k i n g   c o n t r o l  system, was 

able  t o  show p e a k i n g  a t  s a m p l i n g   f r e q u e n c i e s   o n l y   i n  

spec t r a l  c u r v e s   o f   e r r o r .   H o w e v e r ,  S ta rk ,  I i d a ,  and  

Willis ( 71) have descr ibed  steady-state f r e q u e n c y   r e s p o n s e  

e x p e r i m e n t s  tha t  were n o t  l i m i t e d  by these u n d e s i r a b l e  

i n p u t   s p e c t r u m   c h a r a c t e r i s t i c s   a n d   s h o w e d   c l e a r  peaks  

i n   g a i n   i n  the  2-3 c p s   r e g i o n .  

T h i s  c l e a r l y   d e f i n e d  peak  i n  t h e  r e s p o n s e   s p e c t r u m  

s u p p o r t s  t h e  t r a n s i e n t  data  and  t h e  idea  that  t h e  human 

m o t o r   c o o r d i n a t i o n  system can  be treated as a sampled-da ta  

c o n t r o l  system. The v a r i o u s   d i s c r e t e   m o d e l s  based on these 

o b s e r v a t i o n s  are  r e v i e w e d   i n   S e c t i o n  V. 

D i s c u s s i o n  

P r o c e s s i n g   r e t i n a l   i n f o r m a t i o n  i s  c l e a r l y  a n  early 

o p e r a t i o n   i n   h a n d   t r a c k i n g  a v i s u a l  target.  This same 

i n f o r m a t i o n  i s  n e c e s s a r y  for eye movement c o n t r o l .  

C o m p a r i s o n   a n d   c o n t r a s t  of the  eye movement c o n t r o l  
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system  with  the  manual  control  system  shows  some  surprising 

results. 

First,  the  manual  system  can  track  rapidly  alternating 

target  movements of a repetitive  predictable  nature  to  an 

octave or two  higher  frequency  than  the  eye, i n  spite of 

the  much  lower  bandwidth of the  output  elements. The 

hand  has a natural  frequency,cJn = 40 radians/second  while 

the  eyeball  has  a  natural  frequency, W = 240 radians/ 

second.  Evidently  the  control  and  predictive apparatus 

f o r  manual  control is more  effective  than  that for eye 

movement  control. 

Second,  eye  movement is not  necessary far hand 

movement in spite of the  rather  large  amplitude, 2 10' 
and 2 20°, tracking  signals In the  experiments.  Clearly, 

focal  fixation of the  target is not  required for the  order 

of accuracy  obtained  in  these  experiments. 

Conversely,  the  physical  movement of the hand appears 

to  reinforce  the  target  signal  input  to  the  eye  movement 

system so that  adequate  eye  tracking  may  occur  in  borderline 

regions if  the  hand is tracking and  may  not  occur if the 

hand is still. This  evidence  supports  the  contentian  that 

manual  control  dynamics  are  of  concern  here,  and  not  some 

limitation  secondary  to  eye  movement  control. Of course, 
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visual  processing is still an integral  part  of  the  experl- 

mental  conditions; it could, of course, be eliminated by 

proprioceptive  tracking,  one  hand  passively  moved and the 

other  tracking this motion, or perhaps by auditory  input 

signals. 

The  neurological  control  system for motor  coordination 

has  been  discussed  in  terms  of  two  signals  competing for 

control  of  the  output  elements. These  output  motop  elements 

are  the  "final  common  path" of Sherrington ( 63 ), the 

alpha  motor  neurons  and  the  muscles  they  control.  The 

first  of  the  competing  signals i s  that  carried by the 

feedback  path of the  position  control  system,  the  Ia 

afferent  neurons  from  the  spindle  receptor  system.  The 

second  of  the  competing signals  i s  that  carried by the 

corticospinal  pathways  subserving  voluntary  movement. 

The  two  types of Impulse  inputs  presumably  test  the 

state of the  shared  control  of  the  alpha  motor  neuron. The 

mechanical  impulse  response, h(t), has no associated  time 

delay  and thus tests  the  gain  and  dynamlcs of the  postural 

or position  servoloop. As such  it is similar  to  the 

classical  tendon  jerk  of  the  clinical  neurological 

examination.  Recently  this  system has been  studied by 

simulation  techniques ( 26 ) and  the  representation  here 
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includes  two  important  non-linear  dynamical  systems,  plus 

time  delays for nerve impulse  conduction  and a variety of 

saturatlon and asymmetrical  elements.  That  this  can  be 

adequately  represented by an undamped,  linear  second 

order  system is indeed a tribute t o  the  power of these 

simple  analytic  tools. The apparent  spring  constant 

of the  hand is determined by the  gain of the  positlon 

servo,  since  restoring  force is proportional  to  displace- 

ment  error, An Important  non-linearity of the  spindle is 

an  increase  in  slope of the  Input-output  curve  with 

increased  input,  either by external  stretch or by gamma 

motor  neuron  stimulation of the  intra  fusal  fibere ( 26). 

As a consequence  lncreased  spring  constant 1s predicted  in 

the  experiment  with  Increasing  tension. 

The visual  Impulse  response, hv(t), appears to be 

8 time-delayed  pre-programmed  control  signal,  probably 

corticospinal In route,  which is followed by a  return  to 

the  postural  control  system w i t h  dynamics  predictable by 

the  h (t) experiments. hf(t) and  h  (t)  have a similar 
m m 

dependence on tension.  Evidence for the  ballistic pre-pro' 

grammed  input  comes  partly fxm the  marked disparity 

between  the  second  order  model of the  postural  system  and 

the  initial  portions of the h,(t). More  striking  are 
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the  results  obtained  when  the  duration of the  pulse is 

made  unpredictable as in the  sampled-data  experiments. 

Here a clear  refractory  period of about 200 milliseconds 

is demonstrated,  certainly  unrelated  to the second  order 

dynamic a. 

In the  freewheeling  experiment  the  competition  between 

the  voluntary  control  and  the  postural  servomechanism 

is Illustrated.  With  increase in mental  tension  while 

the  subject l a  awaiting a random  disturbance,  the  fre- 

quency  of  oscillation  in  successive  movements is markedly 

diminished;  the  continual  activation of the  postural  servo 

means  that  antagonists  are of course  active,  and  degrade 

performance.  However,  little  evidence for reduction  in 

amplitude of voluntary  tracking or for increase  in 

response  time is noted  in  these  somewhat  predictable 

impulse  experiment 8 .  

The sampled-data  experiments  are  rather  convincing 

on the  basis  of  the  prolonged  pulse  response,  the peak 

In frequency  response, and the  irregular  positional 

corrections for slow  ramps.  The  results  are  especially 

relevant  to  the  problem of eye  and  hand  interaction.  It 

has been  firmly  established  that the response  to 

unpredictable  Inputs by the  eye  tracking  control  system 



can  be well p r e d i c t e d  by a sampled-data   model  ( 8 3 ) .  

However,  such  phenomena as the i r r e g u l a r   m u l t i p l e   s t e p  

r e s p o n s e s   t o  a slow ramp are i n d e p e n d e n t  of v i s u a l  

t r a c k i n g .   F u r t h e r ,  the sampled-data c o n t r o l  system f o r  

the eye appears t o  be b o t h   p o s i t i o n   a n d   v e l o c i t y   c o n t r o l  

while the m a n u a l   t r a c k i n g  sampled-data seems to be o n l y  a 

p o s i t i o n   c o n t r o l   s y s t e m ;   t h u s   i n d i c a t i n g  rather d i f f e r e n t  

o r i g i n s  of the c o n t r o l  signals t o  these two complex 

m o t o r   o u t p u t s .  

One p o i n t  of Interest  i s  the d i s t r i b u t i o n  of r e s p o n s e  

times f o r  hand t r a c k i n g   o f   u n p r e d i c t a b l e  targets (Fig.  3Oa); 

a n a r r o w   q u a s i - g a u s s i a n   d i s t r i b u t i o n  wi th  a mean o f  

0.24 msec. This  i n d i c a t e s  that the sampl ing  times are 

n o t  c l o c k   d r i v e n ,   b u t  rather I n p u t   s y n c h r o n i z e d ;  with some 

r a n d o m   d e v i a t i o n s   f r o m  mean r e s p o n s e  time ( 8 6 ) .  If 

t h e y  were c l o c k  d r i v e n  one would e x p e c t  a rather square 

d i s t r i b u t i o n   f r o m  one sampling time t o  two sampl ing  times 

with perhaps some a d d i t i o n a l   r a n d o m   v a r i a t i o n   a r o u n d  this  

s q u a r e   d i s t r i b u t i o n .  The c l o c k   d r i v e n   d i s t r i b u t i o n  

p r e d i c t e d  by Wescot t  and Lemay ( 3 7 )  i s  c l e a r l y   n o t  

found  under  the e x p e r i m e n t a l   c o n d i t i o n s  reviewed here. 
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Since  the  visual  system is part of the  tracking 

situation,  the  control of eye  movements and hand 

movements  were  studied by comparing  simultaneous  measure- 

ments. It was seen  that  while  the  load  dynamics  of  the 

eyeball  were  less  restricting  than  the  inertia,  viscosity, 

and  elastic  resistances  of  the  wrist,  the  hand  was  better 

able to follow repetitive  square  wave  patterns at high 

frequencies (1.5  to 2.5 cps)  because  of its  wider  band- 

width  control  apparztus.  Further,  it was apparent  that 

eye  movement  did  not  aid  hand  movement,  but  rather  that 

hand  movement  helped  eye  movement  at  high  frequencies. 

Mechanical  impulse  responses,  h (t), testing  the. 

postural  control  system,  were  compared  with  visual  impulse 

responses, hv(t), testing  the  voluntary  tracking  system. 

The  former is well  approximated by an  equivalent  second 

order  underdamped  system.  The  latter  has  two  components, 

a  visually  driven  initial  response  and a follow-up 

portion, hf(t); only  the hf(t) is at  all  able  to be 

approximated  by  a  similar  underdamped  second  order  system. 

m 

On  changing  steady  background  levels  to  tension  both 

hm(t) and h (t) show dynamical  changes  in  the  direction 

of  increased  bandwidth  with  increased  tension. 
f 



F i n a l l y ,   c e r t a i n   e x p e r i m e n t a l   e v i d e n c e  for sampled- 

data properties of the hand movement system is put 

forward. 
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V. DISCRETE MODELS FOR MANUAL TRACKING 

Although  the  presence  of  intermittent  behavior  in 

manual  tracking  has  been  noted  for  many  years, 

it is on ly  recently  that a concerted  effort has been  made 

to develop  discrete  models  for  the  human  operator.  The 

motivation f o r  this  research  has  been  three-fold.  First, 

the  research  In  quasi-linear  models  has  reached  the  point 

where  the  gross  characteristics  are  quite  adequately 

described for a wide  variety of tasks,  and  attention  can 

be  focused  on  the fine  structure of tracking.  Second,  the 

widespread  use of analog  and  digital  computers  permits 

real  time  simulation of models  that  might be too complex 

for analysis.  Finally,  the  development  and  dissemination 

of  the  theory of sampled-data  systems  and  the  associated 

use  of  the  Z-transform,  originally  developed  for  digital 

computer  techniques,  has  enabled  engineers to treat 

many  discrete  systems  on a simple  analytical  basis. 

Although many types  of  experiments  have  been  brought 

to bear  in  forming  the  case  for  discrete  or sampled'data 

models for  manual  tracking,  most of them  can  be  reduced 

to one  of two closely  related  sets  of  observations.  The 

first of these is the  presence of  intermittent  corrections 

by the  operator  in  tracking a continuous  signal. Most 



of these  corrections  are  separated by intervals of 

0.2 to 0.6 seconds,  indicating  that  at  least a portion 

of the  operator's  output  results  from a discrete  process 

leading to sudden  ballistic  movements. The result  of 

this  intermittency is to provide  output  energy  in  the 

frequency  range of 1-2 cps,  and  peaks in this  range  are 

observed  in  Fourier  analysis  and power density  spectra ( 6 ) 

Notice  that  quasi-linear  models  can  contain  at  their  output 

only  those  frequency  components  present  at  their  input, 

and  therefore  this  "sampling  energy" is included as part of 

the  remnant. 

The  second  body of evidence  concerns  the  gsscholoaical 

refractory  geriod,  which  describes  the  inability of the 

human  operator to make two successive  responses to 

discrete  stimuli  in  an  interval  less  than  this  refractory 

period of approximately 1/2 second.  This  behavior  suggests 

a sampled-data  model,  which  can  process  sensory  information 

or'perform  output  only  at  certain  periodic  intervals. 

Notice  that  for  any  quasi-linear  model  the  response  to 

successive  stimuli  would  be  the  superposition  of  responses 

to each  individual  stimulus,  and  could  never  match  the 

refractory  delay. 

The  assumption  of a discrete  model  does  not  imply 

that  there  are  no  continuous  portions  of  the  response. It 
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merely requires.that some  portion  of  the  response  or  its 

derivatives  be  determined by a  discontinuous  operator.  This 

point is emphasized  in  the  early  article by Hick ( 21 ) :  

It is suggested  that the notion  of  discontinuity  in 
the  human  operator  may  usefully  refer  to  changes  in 
the  characteristics  of  his  behaviour,  not  necessarily 
sudden, but  such as to indicate  separate  points be- 
tween  domains  where  different  continuous  functions are 
reasonably  applicable. For instance,  a  characterisa- 
tion  which  shows  periods  of  constancy  interspersed 
with  periods  of  change may be placed in this class. 

Historically,  the  first  sampled-data  model for manual 

tracking  to  be  developed  and  tested was by Ward ( 7 9 ) .  This 

model, as redrawn by Bekey ( 6 ) is shown  in  Fig. 42. Al- 

though this model  contains  sampling  circuits of 0.5 sec 

period  and  a  hold  circuit,  both  of  which are common  to  all 

later  models,  it  does  not  perform  very  well  quantitatively 

in  matching  either  time or frequency  domain data. 

Bekey's  Model  Manual  Tracking 

Bekey,  in  his  sampled  data  model,  recognized  that  the 

specification  of  the  type  of  hold  circuit  following  the 

sampler is of great  importance. ( A  zero  order  hold 

(1 - e ) keeps the-output signal  constant  between 

samples. A first  order  hold (1 + =)(l - e-Ts) 1 
updates  the  output  at  each  sample  instant and imparts  to 

it a rate  equal to the  average  input  rate  over  the  last 
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interval.  See  Fig. 43.) His  proposed model of the 

human  operator  tracking a random  input in a compensatory 

loop is shown  in  Fig. 44. KE represents  the  simple  gain 

of the  external  controlled  element, K is the  operator 

gain  and TN the  neuromuscular  time  constant as used 

in quasi-linear  models. The switch  represents  the  sampler, 

which  takes an instantaneous  sample of the error every 

T seconds  and  transmits  it  to  the  hold  circuit. 

Using  only  the  frequency  domain  characteristics  as 

a criterion,  Bekey  found  that  the  first  order  hold was 

more  appropriate  than a zero  order  or  modified first  

order.  With a first  order  hold  he wzs able to 

reproduce  the  "sampling  peak"  in  the  error  spectra  and 

still  give a low frequency  fit  which  approximates  that 

of the  quasi-linear models. 

An example of the  fit  to  the  experimental data for 

the  spectral  density of the operator's  response is shown 

in Fig. 45. The  continuous  model  is a simple  quasi-linear 

one of the  form 



in  which  the  gain K delay Dc and  lag  time  constant f 
ape  adjusted  for a best  fit  with  the  power  spectrum.  The 

discrete  model  sampling  period (T) was  selected  to  be 

twice  the  frequency of the  peak  in  the  experimental  spectrum, 

and the delay (D,) was chosen so that  the  sum  of Ds and 

the  effective  delay of the  hold  circuit was  made  equal 

to  the  continuous  model  delay, Dca 

HE' C 

In the  example  shown  in  Fig. 45, it is seen  clearly 

that  the  sampled-data  model  approaches the continuous  model 

spectra  and  that  both  are good fits to  the  data f o r  

frequencies  below 5 rad/sec. Between 5 and 10 rad/sec, 
however,  only  the  sampled  model  exhibits a ''sampling 

peak"  to  match the relative  increase  in  actual  output 

power.  Notice  that  this  range is at frequencies  generally 

considered too high  for  true  manual  tracking,  even  though 

hand movement  may  show  frequency  components  that  high. 

For the  record  shown  the  sampling  period  was  chosen 

as T = 0.33 seconds  to  match  the  peak  at  1.5  cps. D was 

required to be -0.06 seconds to keep  the  total  delay  equal 
S 

t o  D 
C 

The  existence of negative Ds implies,  strictly 

speaking, a predictive  mechanism  to  overcome  the  delay 

inherent  in a first  order  hold. A probable  explanation  is 



". .. . . . . . . . 

that  the  velocity  estimate,  in a first  order hold, based 

on the  difference  between  the  two  last  samples, is not a 

correct  description. Since  velocity  can be sensed 

directly, it is likely  that a more  recent  sample of 

velocity is used to compute  response  rate,  thus  implying 

less  delay in the  hold  circuit and eliminating any 

requirement for a pure  predictor. 

The chief  value in Bekey's  model is the  demonstration 

that a sampled-data  model  naturally  accounts for the  peak 

in  output  spectra  and  that it yields low frequency fits 

which  are as good as the continuous  quasi-linear  models. 

The limitations on the  model  are  that it was used  to 

match only those  results for which  it was designed. 

Thus  the  location of the peak is forced  to  be  matched by 

selection of T. Quantitative  evaluation of the  model 

in  the  time  domain  and  in  response  to a variety  of 

deterministic  inputs  would  have  been  very  valuable. 

Lemav  and  Westcott  "Velocity  Triangle"  Model 

At about  the  same  time  that  Bekey  was  developing a 

sampled  data  model  based  on  the  intermittency  in  continuous 
tracking,  workers  in  England  were  investigating  discrete 

models  starting  with  the  psychological  refractory  period 

and  the  shape of the  manual  step  response as a basis. 



Lemay and Westcott (37 ), following  the  work of Wilde 

and Westcott (80 ), proposed a discrete  model  based  on 

the  step  response, and extended  it t o  cover  the  case of 

tracking a continuous  random  input.  They  observed  that 

the  fundamental  "ballistic  movement" of quick  hand move- 

ments is in  the form of a velocity  triangle.  Such a 

dynamic  shape  could  easily  result from a programmed 

force of f u l l  positive  followed  by  full  negative,  acting 

on the  pure  inertia of the arm. A straightforward  means 

of simulating  such a step response,  consisting of a 

pair of parabolas  yielding  the  correct  magnitude of 

hand  movement, is shown  in  Fig. 46 (37). It is 

interesting to observe  that  such a response is the  time 

optimal  one for the  situation  of  limited  available  force. 

To  incorporate  the  velocity  triangle  concept  and 

account for reaction  time  and  refractory  time,  the 

discrete  model of Fig. 47 ( 37) was developed. This 

model  uses  two  asynchronous  samplers of the  same  period 

to produce  the  desired  reaction  time  and  velocity  triangle 

hand  movement. "The  muscle  mechanism" is merely  the 

positive-negative  force  program  shown  previously  in 

Fig. 46. This model  produces  responses t o  step inputs 

which  approximate  those  produced by the  human  operator. 

The step  response  can  be  made t o  overshoot  slightly  and 
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r e t u r n   t o   z e r o ,  as o f t e n   o b s e r v e d   i n  human r e s p o n s e s ,  

s imp ly  by i n c r e a s i n g  the g a i n   o f  the samplers a b o v e   u n i t y ,  

In   compar ing  t h i s  model with o t h e r  sampled data 

models ,  i t  s h o u l d  b e  n o t e d  t h a t  the samplers are  "free 

runn ing"   and  are i n  no way s y n c h r o n i z e d   t o  the o c c u r r e n c e  

of a s t e p  i n p u t .  A s  a r e s u l t ,  t h e  r e a c t i o n  time shown by 

the model i s  u n i f o r m l y   d i s t r i b u t e d   o v e r  the range   be tween  

one  and two s a m p l i n g   p e r i o d s .  As the a u t h o r s   p o i n t   o u t  

the a c t u a l  d i s t r i b u t i o n  of human r e a c t i o n  times i s  n o t  

u n i f o r m   b u t  rather peaks  a b o u t  a n  a v e r a g e   v a l u e .  Other 

s t u d i e s  show t h i s  average v a l u e  t o  be  a p p r o x i m a t e l y  

0.3 s e c o n d s .  (See Fig. 30, f o r  example.) 

A s  a r e a s o n a b l e  t e s t  o f   t h e i r m o d e l   d e v e l o p e d   f o r  

s t e p  i n p u t s ,  Lemay and   Wes tco t t   p roceeded   t o   compare  

t he i r  model with t h e  human r e s p o n s e   i n   t r a c k i n g  a c o n t i n u o u s  

r a n d o m   i n p u t   s i g n a l ,  similar t o  the type used  by Bekey, 

E l k i n d   a n d   o t h e r s .  A s  might be e x p e c t e d   f r o m   p r e v i o u s  

attempts t o  match b o t h   s t e p   r e s p o n s e s  a n d  c o n t i n u o u s  

r e s p o n s e s  with the same model,  the  s t r a i g h t f o r w a r d   a t t e m p t  

failed.  The s t e p  r e s p o n s e   m o d e l   i n t r o d u c e d   t o o  much 

phase lag f o r  the c o n t i n u o u s   t r a c k i n g .  The a u t h o r s   t h e n  

r e a s o n e d  that  i n   t r a c k i n g  a c o n t i n u o u s   s i g n a l  the human 

o p e r a t o r  i s  able t o  make u s e  of the e r r o r   v e l o c i t y  as  

well a s  e r r o r   p o s i t i o n ,  thereby i n t r o d u c i n g  lead i n t o  t he  
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system and reducing  the  apparent  phase  lag of the  response. 

They  therefore  modified  their  model by the  addition of the 

lead  network  preceding  the  sampled  data  model as shown 

in Fig. 48 (37 ) .  The best  correspondence  between  model 

and human  operator  outputs  were  obtained  with  the 

following  values of proportional and derivative  gains: 

a = 0.2 

b = 0.52 

These  values of a and b, which  indicate  that  the 

human  operator  relies  heavily  on  error rate in  programming 

his "basic  hand  movement",  are  not in agreement  with  the 

values  which  would  be  produced by an  optimum  controller 

as Lemay  and  Westcott  point  out. It is also  worth  noting 

that f o r  this  task of controlling  a  simple  gain  type of 

plant  the  quasilinear  studies  show  that  the  human  adopts 

very  little  lead  and  approaches  a  pure  integrator  plus 

delay (40 ).  It can only be  assumed  that  the  necessity 

f o r  lead,  which Lemay and Westcott a t t r i b u t e  t o  the 

ability of the  human t o  predict  the  signal in a  continuous 

case, is indeed  necessary  to  overcome  the  excessfve  delay 

resulting  from  straightforward  transfer of a  step  response 

type  sampled data model. 

With  the  lead  network  predictor  the  discrete  model for 

tracking  continuous  inputs  achieves 87% correlation  with 
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the  actual  output In one  case  quoted by Lemay  and  Westcotte 

of more  interest,  however, is the  ability Of this  model 
incorporating  the  velocity  triangle  concept  to  match  the 

operator's  output  velocity  in  such  a  tracking  task. 

Figure 49 is  an example of the  good  correspondence  between 

operator  and  model  velocity ( 37 

The  Lemay  and  Westcott  model  has as its most  signifi- 

cant  contribution  the  demonstration  of  the  ability  of 

a sampled  data  model  to  reproduce  some of the  more 

significant  aspects of the  human  operator's  tracking  in 

- both  response  to  discrete  inputs  and  continuous  tracking; 

a  task  which has presented  workers in the  field  with  some 

difficulty  for  many  years.  The  details  of  their  model, 

especially  the  use  of two asynchronous  samplers to 

achieve  the  desired  output  waveform,  and  the  simple 

introduction of a predictor  network,  seemed  somewhat 

artificial. 

Younp!s  Model  for  Eve  Movements 

Although  not  directly  bearing  on  the  problem  of 

discrete  models for manual  control,  the  sampled  data 

model  proposed by Young for human  eye  tracking  movements 

is introduced  at  this  point  because of its  role as a 

basis for manual  control  models t o  be  discussed  below (83 ) .  



In the  visual  control  system  the  task of the  servomechanism 

is t o  point the  central  axis of the  eye  at the target of 

interest  and follow the  moving  target so as t o  maintain 

the  image on the  central  portion of the  retina. It has 

long beer, recognized  that  there  are  two  different  types of 

eye movements  used  in  this  tracking  movement. The 

saccadic  movements  are  the  rapid  jerks  which  serve t o  

bring  the  eye  quickly  onto  target  and  reduce  position 

errors. There  also  exists  pursuit  movements,  which  are 

slow smooth  movements  presumably  used t o  allow  the  eye 

to follow  slowly  moving  targets  and  maintain  zero  velocity 

error.  The  intermittent  nature of eye  movement  tracking 

is more  readily  apparent  than  in  the  case of manual  track- 

ing. Since  the  moment of inertia  and  effective  friction 

of the  eyeball is very  small in comparison to the 

powerful  muscles  which  turn it in its orbit, all abrupt 

changes  in  force  level  are  immediately  made  apparent by 

relative  discontinuities  in  eye  position o r  velocity. 

Furthermore,  since  the  "plant dynamics''  and  effective 

mechanical  impedance of the  load  are  unchanged in the 

normal  course of events,  the  underlying  control  logic in 

the  eye  movement  servomechanism is more  easily  explored. 

! 
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The  evidence for discontinuous  control  in  the  eye 

movement  system is similar to tha%  which  has  been 

discovered  and  proposed as evidence for discontinuous 

control of manual  tracking.  The  psychological  refractory 

period is observed  in  eye  movements,  wherein  the  system 

response to a target  pulse  of  less  than 0.2 seconds 

duration I s  a pair  of  equal  and  opposite  saccades 

separated by at  least 0.2 seconds.  An  equivalent 

phenomenon  apparently  occurs  in  pursuit  tracking as well, 

since  experiments  with  constant  target  acceleration  indicate 

that  the  eye  velocity  changes  in  rather  discrete  jumps 

at 0.2 sec  intervals  with  position. The ''sampling  peak" 

referred to by Bekey  in  manual  tracking is also  even  more 

noticeable  in  the  eye  movement  frequency  response t o  a 

random  continuous  input. A marked  peak  in  gain  of  the 

eye  movement  system  appears  in  the  vicinfty of 2.5 cps, 

which is consistent  wfth a sampled  data  system  operating 

with a sampling  period  of 0.2 see.  When  the  eye  movement 

system is operated  in  an  effective  open  loop  tracking 

situation  the  sampling  characteristic  of  the  system is 

made  very  evident. The open  loop  response to a step 

input is a staircase of equal  amplitude  saccadic  jumps 
separated  by  approximately 0.2 sec  tntervals. 



The  Young  model  for  eye  tracking  movements is based 

on  a 0.2 sec  sampling  period  and  the  assumption  of two 

separate  systems  in  the  forward loop;  the  smooth  pursuit 

system  acting as a velocity  tracker  and  the  rapid 

saccadic  system  acting as a position  servo.  The  model is 

shown  in  Fig. 50 (86 ) .  The  limiter  and  saturation 

element in  the  pursuit  loop  reflect  the  observation  that 

pursuit  movements  only  operate  between 1 /sec  and 25 /sec. 

For  greater  velocity  errors  the  eye  movement  system  uses 

a  series of rapid  saccadic  movements.  Use  of a discrete 

hold f o r  rate  estimation is a  mathematical  convenience 

rather  than  any  reflection  of  the  actual  calculation 

of  error  rate. 

0 0 

This  model  correctly  predicts  the  principal  character- 

istics  of  eye  movements  both  in  terms  of  frequency  response 

and transient  response to deterministic  inputs.  In 

addition  the  validity  of  the  model is supported by its 

ability to predict  the  experimental  findings f o r  tracking 

under  conditions  in  which  the  effective  visual  feedback is 

varied  aver a  wide  range.  The  stability  of  the  eye  move- 

ment  system as this  feedback is varied is also  correctly 

predicted by the  basic  sampled  data  model. 

The  principal  influence of Young's  model as it  effects 

manual  control  research  was  to  encourage  other  investigators 
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to  look for the  equivalent of a "pursuit  loop"  for 

velocity  tracking  in  the  hand  response. 

Navas'  "Motor-SamDlina"  Model  Manual  Tracking 

Building  on  the  background  of  the  Bekey,  Lemay 

and  Westcott,  and  Young  models  principally,  Navas 

conducted an  investigation of the  nature of intermittency 

in  manual  tracking ( 4 7 ) .  One of his  major  points of 

investigation  centered  about  the  question of  whether  the 

discrete  nature of the  operator's o u t p u t  was the  result 

of a regularP or almost  regular  sampling  phenomenon or 

whether  it  resulted  from  a  quantization  phenomenon ir. 

which  a  discrete  event  took  place  each  time  the error 

exceeded  a  quantization  level.  The  other  central  theme  was 

a  search for a  velocity  sampling  path  similar to the 

pursult  path  descrlbed in  Young's  eye  movement  monitor. 

In  his  model  Navas  incorporates  much of the  Stark-Houk 

model for the  motor  coordination  system  discussed  in  some 

detail  earlier,  and  leans  heavily on the  physiological 

evidence for sampling in the  motor  coordination  system. 

The  experimental  investigation  conducted  by  Navas  covered 

both  frequency  response f o r  tracking of continuous  inputs 

and  investigation  of  transient  responses  to  deterministic 

inputs. His  most  interesting  results  were  in  the  area  of 
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t r a n s i e n t   r e s p o n s e s .   T h e  task he dealt  with was e s s e n t f a l -  

l y  a p u r s u i t  task, w i t h  b o t h   i n p u t   a n d   r e s p o n s e   d i s p l a y e d ,  

i n  which the s u b j e c t  was i n s t r u c t e d  t o  t r y  t o  r e p r o d u c e  

t he  i n p u t ,  rather t h a n  merely m i n i m i z e  t h e  error  o r  rms 

error as i s  g e n e r a l l y  the  s i t u a t i o n .  H e  was t h e n   a b l e  t o  

conduc t  l i m i t e d  open   loo^ e x p e r i m e n t s   i n  which the 

s u b j e c t ' s   r e s p o n s e  was d i s p l a y e d   b u t  also moved the  ta rge t  

b y   a n   e q u a l   d i s t a n c e  so  tha t  t h e  d i s p l a y e d  e r r o r   b e t w e e n  

r e s p o n s e   a n d   t a r g e t  was unchanged by t h e  r e s p o n s e .  

F i g u r e  51 ( 4 7 )  shows t h e  e x p e r i m e n t a l  se t  u p  for d o i n g  

o p e n   l o o p  tests ( g  = 1) .  The set  u p  of F i g .  51a i s  

similar t o  t ha t  used  by Young and S tark  (86 ) .  I n  F ig .  51b 

t h e  s i t u a t i o n  i s  f u r t h e r   b r o k e n  down i n t o  two i n p u t s   t o  

t h e  human o p e r a t o r ,  k 2  r e p r e s e n t i n g  t h e  p u r s u i t   t r a c k i n g  

b ranch   and  k l / s  r e p r e s e n t i n g  t h e  compensa to ry   b ranch ,  

I n c l u d i n g   a n   a s s u m e d   i n t e g r a t i o n   i n  t he  c e n t r a l   n e r v o u s  

sys t em.   Us ing  t h i s  o p e n   l o o p   c o n f i g u r a t i o n  Navas was able  

t o   e x p l o r e  t h e  b a s i c  s t e p   r e s p o n s e  of t h e f o r w a r d  loop  of  

t h e  m a n u a l   c o n t r o l  system b y  p u t t i n g   i n   l o w   f r e q u e n c y  

s q u a r e  wave i n p u t s .  Some of t h e  r e s u l t s  are shown i n  

F i g .  52 (47 ) .  T h e   o p e n   l o o p   r e s p o n s e  t o  a s t ep  i n p u t ,  

c o r r e s p o n d i n g   t o  a c o n s t a n t   e r r o r   o b s e r v a t i o n ,  I s  a ra ther  

r e g u l a r  s taircase of "bas i c  r e s p o n s e   m o t i o n s " .   T h e s e  basic  

n o t i o n s  resemble the v e l o c i t y   t r i a n g l e ,   d o u b l e  pa rabo l i c  

movements descr ibed  by Lemay and Westcott .  The p e r i o d  
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s e p a r a t i n g  the i n i t i a t i o n  of s u c c e s s i v e  "saccadic"  

movements i s  a p p r o x i m a t e l y  0 .4  s e c o n d s ,   a n d ,   j u s t  as i n  

the case of the  eye movement system, l e n d s   s t r o n g   b a c k i n g  

t o  t h e  i n t e r m i t t e n c y   h y p o t h e s i s   f o r   m a n u a l   t r a c k i n g .  

The second  se t  of i n t e r e s t i n g   e x p e r i m e n t s  performed 

by Navas i n v e s t i g a t e  t he  a b i l i t y  of the human o p e r a t o r   t o  

f o l l o w  a c o n s t a n t   v e l o c i t y  target  w i t h  a s i m p l e  g a i n  as the  

p l a n t   d y n a m i c s .  Among Navas' c o n c l u s i o n s  were t h e  f o l l o w -  

i n g :  1) L i t t l e  e v i d e n c e  f o r  s a m p l i n g  i s  s e e n  when t h e  

i n p u t  i s  p r e d i c t a b l e ,   s u c h  a s  a t r i a n g u l a r  wave, however,  

t h e  sampling  phenomena i s  q u i t e   a p p a r e n t  f o r  u n p r e d i c t a b l e  

c o n s t a n t  v e l o c i t y  i n p u t s .  The s a m p l i n g  r a t e  of a p p r o x i -  

mately 2.5 c p s  i s  f a i r l y  i n d e p e n d e n t  of ramp v e l o c i t y ,  

thereby s u p p o r t i n g  the t h e o r y  of a s a m p l i n g   i n t e r m i t t e n c y  

as opposed  t o  a q u a n t i z a t i o n   p h e n o m e n o n .  2) A v e l o c i t y  

servo, e q u i v a l e n t  t o  the p u r s u i t   l o o p   i n  the eye movement 

c o n t r o l  system, was n o t   a p p a r e n t .  Navas ba.sed th is  

c o n c l u s i o n   o n  a s i n g l e  series of  e x p e r i m e n t s   i n  which no 

i n t e r p o l a t i o n  was no ted   be tween  samples. Examples o f  

s u c h   t r a c k i n g  a r e  shown i n  F i g .  53 ( 47). It s h o u l d  be  

p o i n t e d   o u t ,   h o w e v e r ,  that  i n   o r d e r  t o  b r i n g  o u t  t h i s  

d i s c r e t e  type  o f  t r a c k i n g   w i t h o u t   a n y  smooth i n t e r p o l a t i o n  

be tween the  bas i c  hand  movements, Navas had t o  a d d  c o n s i d e r -  

able  f r i c t i o n   a n d   i n e r t i a   t o  h i s  c o n t r o l  s t i c k .  With a 

c o n t r o l  s t i c k  which was p r i m a r i l y   s p r i n g   r e s t r a i n e d ,  Navas 



achieved  the  results  shown  in  Fig. 54 (47 ) for tracking 

in  similar  type  inputs.  This  tracking  shows  considerable 

smooth  interpolation  and  constant  velocity  segments  between 

the  basic  double  parabola  type  relative  discontinuities,  and 

are  similar  to  the  results  generally  found.  Since  the 

presence or absence of  a  pursuit  tracking  type of velocity 

servo  seems  dependent  upon the force-displacement 

mechanical  impedance  of  the  control  stick,  rather  than 

reflecting  any  basic  logic  in  the  central  nervous 

system,  it is difficult  to  accept  Navas'  conclusion  that 

no  velocity  servo  exists,  and  consequently  his  development 

of a  model  on  that  basis. 

The  sampled  data  model  proposed by Navas is shown  in 

Fig. 55 (47 ) .  Note  that  this  model is hypothesized 

primarily  for  pursuit trackiflg although  most of the  features 

follow  automatically  for  the  compensatory  tracking  case. 

The  sampling is not  free  running,  but is triggered by the 

first  error  exceeding  the  dead  zone, as in  the  case of the 

Young  eye  movement  model,  but  in  opposition to the  Lemay 

and  Westcott  model.  The  sampling  rate is to  be  variable 

and  adaptive  although  the  mechanism for this  variability 

is not  specified. The sampling  takes  place  in  the  motor 

end of the  tracking  system  and is associated  with  the 

opening  and  closing of the  proprioceptive  loop  at  the 

alpha  motor  neuron.  The  model  acts  to  clamp  the  arm  in 



p o s i t i o n  t o  t h e  p r o p r i o c e p t i v e  loop  except f o r  brief 

p e r i o d i c   s a m p l i n g   i n t e r v a l s  when the r e q u i r e d   c o r r e c t i v e  

s i g n a l ,   a l p h a ,  i s  sampled .   Fo l lowing  the a p p r o p r i a t e  

c o r r e c t i v e   m o v e m e n t s  the s p i n d l e  feedback i s  restored 

and  t h e  arm i s  clamped t o  a new p o s i t i o n .  The r o l e  o f  t h e  

c e n t r a l   n e r v o u s  system i s  r e p r e s e n t e d  by t h e  delay 

e and  the i n t e g r a t i o n  kl/s. T h e   m o d e l   e x h i b i t s  

i n c r e a s i n g   g a i n   o v e r  a r a n g e  of f r e q u e n c i e s   a b o v e  

' td2s  

0.5 c p s ,  which i s  i n   g e n e r a l   a g r e e m e n t  wi th  r e s u l t s   f o u n d  

f o r  p u r s u i t   t r a c k i n g ,   a l l o w i n g  a c e r t a i n  amount, of 

p r e d i  c t i o n  o f  t h e  i n p u t .  

T h e   v a r i o u s   l a t e n c i e s   i n v o l v e d   i n  t h e  model a re  

t a b u l a t e d  below: 

V i s u a l   l a t e n c i e s  t = 40  m i l l i s e c o n d s .  
d l  

I m p l i c i t   c e n t r a l   n e r v o u s  system and alpha 
motor neuron  delay times - 165 m i l l i s e c o n d s .  

Conduc t ion  time td2 = 15 m i l l i s e c o n d s .  

C o n t r a c t i o n  time t = 30 m i l l i s e c o n d s .  
d 3  

T o t a l  delay f o r  bas ic  movement   and   response  
t o t a l  = 250 m i l l i s e c o n d s .  

The s w i t c h  a t  t h e  a l p h a  motor n e u r o n  i s  assumed t o  b e  

c o n n e c t e d   t o   g r o u n d ,   o p e n i n g  t he  p r o p r i o c e p t i v e  l o o p  

f o r  20 m i l l i s e c o n d s   e v e r y   2 5 0   m i l l i s e c o n d s .   T h e  model 

d o e s   n o t   l e n d  i t se l f  t o  a s imple   s ampled  data a n a l y s i s .  
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The model proposed by Navas descr ibes  i n  a q u a l i t a t i v e  

manner the p u l s e  and s tep r e s p o n s e s   u n d e r  both c l o s e d  

l o o p   a n d   o p e n  loop c o n d i t i o n s  of p u r s u i t   t r a c k i n g .  It 

also descr ibes  the idea l i zed  ramp r e s p o n s e s ,  which 

show n o   i n t e r p o l a t i o n ,   a n d  offers  a fa i r ly  good q u a l i t a t i v e  

a p p r o x i m a t i o n   t o   o b s e r v e d   f r e q u e n c y   r e s p o n s e s   i n c l u d i n g  

t h e  a p p r o p r i a t e  spectral  peak a t  a b o u t  1 , 5  c p s .  The 

a v e r a g e   s a m p l i n g  r a t e  o f  3 per second is approximately 

t h e  same as tha t  a r r ived  a t  by most o t h e r   i n v e s t i g a t o r s .  

H i s  c a s e  f o r  r u l i n g   o u t  of q u a n t i z a t i o n   i n   f a v o r   o f  

s ampl ing  is well documented,  however, t he  e v i d e n c e   f o r  

t h e  l ack  o f  a n y  v e l o c i t y  s e r v o   e v e n   i n  t h e  case of 

p u r s u i t   t r a c k i n g  of u n p r e d i c t a b l e   i n p u t s  i s  q u e s t i o n a b l e .  

H i s  e f f o r t s  a t  c o r r e l a t i n g  some of the m o r e   i n t e r e s t i n g  

s e r v o a n a l y t i c  t e s t  t e c h n i q u e s  wi th  a d v a n c e s  t ha t  h a v e  

been  made i n  t he  c o n t r o l   d e s c r i p t i o n s  of the  bas i c  

m u s c u l a r   m o t o r   c o o r d i n a t i o n  system are  q u i t e   i n t e r e s t i n g   a n d  

r e p r e s e n t   e f f o r t   i n   a n  area tha t  has been  l a rge ly  o v e r l o o k e d  

i n  t h e  b r i d g e  be tween t h e  e n g i n e e r s   a n d  psychologis t s  on  

o n e  side and  the p h y s i o l o g i s t s   o n  t he  o t h e r .  

E l k i n d ' s   C h a n n e l  Discrete Model 

E l k i n d  e t  a l .  ( 13 ) have  proposed a sampled data 

model f o r  t h e  human c o n t r o l l e r  based o n   f e a t u r e s  of t h e  

Young eye movement model and  the Lemay-Westcott   manual 
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tracking  model. It includes  the two channel,  pursuit- 

saccadic  control  logic  proposed by Young  for  eye 

movements, as well as the  velocity  triangle  force 

program  for  rapid  hand  movements  proposed  in  the 

Lemay-Westcott  model.  The  Elkind  model, as shown  in 

Fig. 56 ( 13) should  match  many of the  time  and  frequency 

domain  characteristics  of  manual  tracking of continuous 

signals,  and  includes  the  mechanisn for human  adaptation 

to  a  variety of controlled  element  transfer  functions. 

The proposed  model is based  on  the  following  character- 

istics: 

1) Primary  Derception  velocity as well as 

displacement.  Velocity  sensing is indicated by  the 

differentiation  in  the  upper,  pursuit  loop of the flow 

chart.  Although  this  pure  differentiation  without  any 

low pass  filtering  may  lead to spurious  noise,  it is 

presented f o r  simplicity. It replaces  the somewhat 

arbitrary  discrete  rate  estimation  used by Young. 

2) Intermittency  manual  tracking  movements.  Breaks 

in  otherwise  continuous  records and  peaks  in  the 

frequency  I’esponse, are  evidence of sampling  and 

represented by the  pair of synchronous  samplers,  one 

sampling  error  and  the  other  sampling error rate.  The 

difference  between  the  average  delay  time  of  approximately 



c 

0.15 s e c o n d s   f o u n d   i n   c o n t i n u o u s   t r a c k i n g ,   a n d  t h e  

s a m p l i n g   i n t e r v a l  of a p p r o x i m a t e l y  0.3 t o  0 .4  s e c o n d s  

s u g g e s t e d  by t h e  sampl ing  peak i n  the f r e q u e n c y   r e s p o n s e ,  

i s  a c c o u n t e d  for by a sonewhat  arbitrary mechanism i n  

t h e  model.  By s e p a r a t i n g  the r e a c t i o n  time (0.15 s e c )  

f rom t h e  r e f r a c t o r y   p e r i o d ,   w h i c h   i n c l u d e s  the r e a c t i o n  

time p l u s  the time t a k e n  f o r  a movement t o  be comple ted  

( 0 . 3  s e c ) ,  t h e  model i s  capable o f  d e s c r i b i n g   b o t h  

t h e  short i n i t i a l   r e a c t i o n   a n d   l o n g   i n t e r s a m p l e   p e r i o d  

d u r l n g   a c t i v e   t r a c k i n g .   T h e   s a m p l i n g   i n t e r v a l  i s  assumed 

t o  be 0.15 s e c o n d s   p r i o r  t o  t h e  i n i t i a t i o n  of any movement 

by t h e  c o n t r o l l o r ,  a n d  0 .30  s e c o n d s  a f t e r  he has i n i t i a t e d  

a r e s p o n s e ,   a s s u m i n g  a movement time of 0.15 seconds .   No te  

that  t h i s  mechanism s t i l l  d o e s   n o t   a c c o u n t  f o r  t h e  d i s -  

c r e p a n c y  between s t e p  r e s p o n s e   r e a c t i o n  times ( a p p r o x i m a t e l y  

0.3 - 0 .4  s e c o n d s )  and  delays f o u n d   i n   c o n t i n u o u s  

t r a c k i n g  (0.15 s e c o n d s ) ,  t h e  same problem  which   caused  

Lemay and   Wes tco t t  a s  well as many o t h e r   i n v e s t i g a t o r s  

c o n s i d e r a b l e   c o n c e r n .  

3) E x i s t e n c e  a s m o o t h   p u r s u i t  a s  well as a fas t  

s a c c a d i c   _ c h a n n e l   i n  t he  o u t w t  o f  the human c o n t r o l l e r .  

J u s t  as had b e e n   d e s c r i b e d  i n  t he  d i s c u s s i o n   o f  Navas' 

work, E l k i n d  e t  a l .  s e a r c h e d   f o r  the e x i s t e n c e  of a 

p u r s u i t   c h a n n e l   g i v i n g   s m o o t h   o u t p u t   m o t i o n s   o f   a p p r o x i -  

mately c o n s t a n t   v e l o c i t y ,  similar t o  the smooth eye 



movements  system.  Unlike  Navas,  however,  they  found  that 

such  pursuit  movements  do  exist in  general  and are an 

essential  part of the manual  control  mechanism. 

Figures 57 and 58 show  the  records of hand  tracking  of 

ramps  and  a  parabola  respectively ( 1 3  ) .  In  both  cases 

the  hand  response  includes  constant  velocity  segments as 

well as sudden  saccadic-like  jumps,  and  the  outputs 

bear  considerable  resemblance to those  cited by Young 

for  the  eye  movemen$s.  Elkind  et  al.  point  out  that 

with  a  pursuit  channel  the  model is given  the  capability 

of memory. 

4) Force 
basic  work of 

propram.  The  Elkind  model  includes  the 

the  Lemay-Westcott  model  including  a  force 

program  for  the  fundamental  rapid  human  hand  movements. 

The  force  program  part  of  the  Elkind  model  achieves  the 

same  double  parabola  wave  form as Lemay  and  Westcott 

propose  for  simple  gain  dynamics,  without  requiring  the 

feed  foward  path or the  second  sampler.  Since  the  basic 

force  program  need  not  always  be  one  resulting  in  a 

velocity  triangle,  but  may  result in  velocity  pulses or 

doublets  for  cases  in  which  the  controlled  element is of 

higher  order  than  pure  gain,  the  Elkind  model  includes  the 

flexibility  of  changing  the  force  program by adjustment 

of  the  parameters and k The  muscle  and  hand kf 1 f2. 
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dynamics are assumed  to  correspond  to  pure  inertia. 

The  cross  branches k and k are included  to  allow 
mP rs 

the  human  controller  logic  to  provide  compensation  for 

different  controlled  element  dynamics, by introducing 

effective  lead or lag.  When  the  samples  of  error  (e*) 

drive the pursuit  loop  to  the  branch k the  effect is of 

an integration;  whereas  if  samples  of error rate ( e  ) 
are  used  to  drive  the  saccadic  branch  through  cross 

coupling kmp, the  effect is one  of  differentiation. 

rs' * 

The  model  discussed  above  appears  to  be  a  promising 

attempt  to  describe  much  of  the  "fine  structure" 

observed  in  manual  control  responses  for  continuous 

tracking.  It  includes  the  special  features  of  the 

Young  eye  movement  model  and  the  Lemay-Westcott  hand 

movement  model,  and  overcomes  some  of  the  unnecessary 

artifices  used  in  each.  The  Elkind  model  remains 

to  be  simulated t o  verify  its  ability  to  correctly  pre- 

dict or describe  a  wide  variety  of  human  responses.  There 

are,  however,  two  major  drawbacks  in  its  present  form. 

The  specification  of  a  pair of samplers  which  are  presum- 

ably  free  running  and  which  change  their  sampling  period 

as a function  of  system  activity,  appears  to  be  arbitrary 

and  needlessly  complex.  Although  it does produce  a  range 

of  reaction  times  distributed  between 0.15 and 0.30 seconds, 

the  same  result  could  be  achieved  by a sampler  assumed 



synchronized  with  the  input,  and  additive  noise on the 

sampling  period.  Secondly  the  existence  of  the  adjustable 

direct and cross  coupling  gains, kp, ks, k and krS, as 

well as the  gain  adjustments  in  the  force  program  portion 
mP 

of  the  model, 

flexibility  in  the  program as to  permit  the  matching  of 
kf 1 and  kf.2, provide  such  great 

almost  any  arbitrary  desired  response by suitable 

selection  of  these  six  gains.  Although all of these 

branches  may very well  exist,  until  some  set of  rules is 

suggested f o r  the  way  in  which  they  should  be  adjusted, 

the  presence of that  many  variable  gains  tends  to  weaken 

the  model. 

Rauolt Is Samoled  Data  Model  Human  Tracking 

In his  doctoral  dissertation  in  France,  Rauolt 

came  to  the  same  conclusions as a  number  of  the  American 

investigators  over  the  years  concerning  the  quasi-linear 

model  for  continuous  tracking ( 5 6  ) ( w  ) .  Hie  quasi-linear 

model f o r  the  total  open loop  transfer  function, from 

error  to  response is 

The  human  operator is assigned  the 0.1 second  delay  time 

and  the  ability  to  introduce  lead or lag as well as 



variable  gain  in  order  to  keep  the  overall  open  loop 

transfer  function as given  above.  This  approximation is 

assumed  valid  over  the  range of input  frequencies 0 - 1.2 cps; 
for high input  frequencies  the  only  change is an  increase 

in  the  open  loop  gain,  from 5 to 9 .  

These  approximations,  while  valid  to  first  order 

are  quite  rough  in  comparison  to  the  experimental  results 

obtained  by  Elkind for variation  in  phase  and  gain  lag 

as a  function  of  input  frequency ( 12).  Similarly  the 

study of dependence of operator  transfer  function  on 

controlled  element  dynamics  does  not  contribute more 

than  previously  found by Russell,  Hall  and  others ( 5 ' ( ) ( 2 0 ) .  

Raoult  and  Naslin are led  to  the  hypothesis of a 

discontinuous  model  for  manual  tracking  by  observation of 

the  discontinuities in the tracking of continuous  input 

signals  and  also by the  characteristics of the  operator 

remnant,  which  includes  frequencies  other  than  those 

present  in  the  input.  Just as Bekey had  done,  they 

required  that  their  sampled  data  model  approach  the 

characteristics of' the  continuous  models  for  the  lower 

frequencies.  In  their  model,  shown  in Fig. 59 ( 5 6  ) 

continuous  lead or prediction is given by the  lead  term 

T1p. (p is taken as the Laplace  operator  and is in  all 

respects  equivalent  to s in  this work.) The  sampler is 

characterized by two  parameters, T and 0 .  Te is the e 



conventional  sampling  period, or interval  between 

successive  samples  and 8 is the sampling  duration, or 

period  during  which  the  sampler  remains  closed.  Note 

that  this is not  the  same as the  impulse  modulator 

assumed by the  other  authors,  unless 0 equals  zero. 

Kh  is the  variable  human  operator  gain  and p in  the 

denominator  represents  the  desired  integration taking  place 

in  the  central  nervous  system. The block  W(p) is the 

general  continuous  compensation  block  which is introduced 

to  compensate for any  dynamics  in  the  external  plant, K2. 

W(p) is cast in the  following  cannonical  form  developed 

by Naslln 

and represents a general  polynomial  denominator.  The  total 

open  loop  gain, Kh K2 , is designated as Ke. 

Raoult  recognized  the  variability of the  sampling 

rate, and  commented  upon its possible  correlation  with 

error  magnitude,  but d i d  not include  this  variability 

in  the  simulation.  Typical  parameters  taken  in  their 

simulation  are  the  following 

T = 0.4 seconds,  corresponding  to  the  average 
e interval  between  samples 



e = "  Te 
5 - 0.08 seconds,  the  supposed  duration of 

each  sample,  which is greater  than  the 
retinal  persistence  time 

a = 1.9 

The Nyquist  diagram  corresponding  to  these  choices 

of parameters is shown In Fig. 60 (56 ) .  The  heavy  line 

is of little  Interest,  whereas  the  lighter  line  almost 

parallel  to  the  imaginary  axis  represents  the  Nyquist 

diagram of the  sampled  open  loop  model.  Note  that the 

curve  crosses  the  real  axis  at fi/2 or approximately 

5 radians per  second.  Input  frequencies  above  half  the 

sampling  rate  cannot  be  resolved  unambiguously  at  the 

output. 

The  ability of this  model  to  reproduce  the  time 

characteristics  of  the  human  operator  tracking 

continuous  input  signals is shown by the  sample  record  in 

Fig. 61 (56 ) .  The general  characteristics  of  the 

response are quite  convincing,  however,  Raoult  presents  no 

detailed  spectral  analysis or correlations  to  quantify 

the  ability of his  model  to  match  the  experimental  outputs. 

Pew's  Discrete  Switching  Model 

The experimental  situation  investigated  by  Pew is 

shown  in  Fig. 62 (54 ) (55 ) .  The presence of the  two 
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p o s i t i o n   c o n t r o l l e r   f o r c e s  the o p e r a t o r   t o   a c t   i n  a 

d i s c r e t e   m a n n e r ,  e i ther  commanding f u l l   a c c e l e r a t i o n  l e f t  

o r   r i g h t   i n  the c o m p e n s a t o r y   t r a c k i n g  task. A t  first g l a n c e  

t h i s  s i t u a t i o n  might a p p e a r   t o  be far  removed   f rom  the  

case o f  c o n t i n u o u s   t r a c k i n g   d i s c u s s e d   t h u s  far ,  b u t   i n  

r e a l i t y  i t  i s  found  that  when t h e  c o n t r o l  elements 

dynamics are l/s or h ighe r ,   t he  pe r fo rmance  of the 

human o p e r a t o r   c l o s e l y   a p p r o a c h e s  t h a t  of a bang-bang 

c o n t r o l  system ( 3 2 ) .  The c o n t r o l  law f o r  a bang-bang 

c o n t r o l l e r  i s  e n t i r e l y   d e t e r m i n e d   b y  the s w i t c h i n g   l i n e s  

on the p h a s e   p l a n e   ( f o r  a f i rs t  o r  s e c o n d   o r d e r  system) 

o r  t h e  s w i t c h i n g   p l a n e s   i n  s ta te  s p a c e   f o r  higher o r d e r  

systems. These s w i t c h i n g  p l a n e s  i n d i c a t e  a t  what v a l u e s  

o f   e r r o r  a n d  i t s  de r iva t ives  the c o n t r o l   d i r e c t i o n  i s  

reversed. A t y p i c a l   r e c o r d  of o p e r a t o r   p e r f o r m a n c e   i n  

a t t e m p t i n g   t o   r e d u c e  t h e  e r r o r  a n d  error r a t e  t o   z e r o  

from a n  i n i t i a l  c o n d i t i o n  i s  shown i n  F ig .  63 ( 5 4  ) .  

As seen b o t h  i n  t h e  time r e c o r d  o f  error and error rate 

and i n  the  p h a s e   p l a n e ,  the  o p e r a t o r  b r i n g s  t h e  e r r o r  

t o  a low v a l u e  i n  t w o   m a j o r   p o s i t i v e   a n d   n e g a t i v e   c o n t r o l  

p h a s e s ,   a n d  then l i m , i t  c y c l e s   a b o u t  the o r i g i n  w i t h  a 

p e r i o d   o f  between 0.4 and 0.6 s e c o n d s .  An i l l u s t r a t i o n  

o f  t h e  phase p l a n e  s w i t c h i n g   l o c u s   f o u n d   f o r  a t y p i c a l  

o p e r a t o r  i s  shown i n  F ig .  64 ( 5 4  ) .  These s w i t c h i n g  l i n e s  

2 
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are not  those  that  an  optimum  controller  would  exhibit, 

the  latter  passing  through the origin  and  leading  to 

double  parabolic  responses. The  fact  that  the 

switching.  lines  run  from  upper  left t o  lower  right 

indicates  that the operator is including  lead  compensation 

and  switches  earlier  when  the  velocity is high. The 

separation  of  the  two  parts  of  the  locus  may  be  attributed 

to  a  dead  time,  and  leads  inevitably  to  a  stable  limit 

cycle as the  operator  switches back  and forth  between 

the  two  switching  points. 

This  additional  information  complements  the  material 

described  above  on  sampled  data  models f o r  the  human 

operator.  It is an  independent  method  of  exhibiting 

lead,  and  its  indication  of  a  stable  limit  cycle  lends 

support  to  the  notion  of the psychological  refractory 

period  and its associated  minimum  delay  time  between 

discrete  output  changes. 

Summary 

A note of caution is introduced  at  this  point 

concerning  the  general  validity and application  of 
introducing  sampling  to  account  for a variety of phenomena. 

A satisfactory  continuous  model is no t  converted  into  a 

satisfactory  sampled  data  model by the  simple  expedient 
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o f  a d d i n g  a sample   and  hold c i r c u i t .   T h e   e r r o r   i n  

s u c h  a p r o c e d u r e  i s  i l l u s t r a t e d  by t h e  s l i g h t  d i g r e s s i o n  

t a k e n  by Kohlhaas i n  h i s  t hes i s  (35 ) .  F i g u r e  65 (35 ) 

i l l u s t r a t e s  the  i n s e r t i o n  of a sample and  T second  

hold c i r c u i t   i n  t h e  o p e n   l o o p  following t he  c o n t i n u o u s  
1 

t r a n s f e r   f u n c t i o n   r e p r e s e n t a t i o n  which was found  t o  

a p p r o x i m a t e l y  desc r ibe  t h e  o p e r a t o r ' s   r e s p o n s e  w i t h  

second o rde r  c o n t r o l   d y n a m i c s .   T h e   o p e n   l o o p   t r a n s f e r  

f u n c t i o n  f o r  t h i s  model e x h i b i t s  c o n s i d e r a b l e  excess 

p h a s e  lag,  and  i s  n o t   c o n s i s t e n t  wi th  t h e  s tab le  

p e r f o r m a n c e   f o u n d   i n  p r a c t i c e .  T h e   s i m p l i e s t   e x p l a n a t i o n  

i s  that  the phase lag i m p l i c i t   i n  the u s e  of a sample   and  

h o l d   o p e r a t i o n   c a u s e s  t h e  d i f f i c u l t y   a n d  tha t  the sampler 

s h o u l d   n o t  merely h a v e   b e e n  p laced  as a n   a f t e r t h o u g h t  t o  

the c o n t i n u o u s   m o d e l .  

T h e   c o n c l u s i o n   t o  be  drawn  f rom t h e  p r o l i f e r a t i o n  

of sampled data models d e s c r i b e d  i n  these s e c t i o n s  i s  

tha t  they do s u c c e e d   i n   d e s c r i b i n g  some of t he  f i n e  

s t r u c t u r e  phenomena of human t r a c k i n g  which c o u l d   n o t  

b e  d e s c r i b e d  by c o n t i n u o u s  models, and  a t  t h e  same 

time s a t i s f a c t o r i l y  p r e d i c t  a l l  t h o s e   c h a r a c t e r i s t i c s  

which the q u a s i - l i n e a r  models d e s c r i b e d .  T h e   d i s a d v a n t a g e  

of the sampled data  models  re la tes  pr imari ly  t o  t h e i r  

c o m p l e x i t y   i n   c o m p a r i s o n  t o  t h e  c o n t i n u o u s  models. For 



many a p p l i c a t i o n s ,   p a r t i c u l a r l y   t h o s e   i n   w h i c h  low pass 

f i l t e r i n g   i n  the c o n t r o l l e d   e l e m e n t   s m o o t h s   o u t  the  high 

f r e q u e n c y   s a m p l i n g   n o i s e ,  i t  i s  q u i t e   d i f f i c u l t   t o  t e l l  

the  d i f f e r e n c e   b e t w e e n  the o u t p u t s  of the c o n t i n u o u s   a n d  

sampled data m o d e l s ,   a n d   c o n s e q u e n t l y  f o r  a l l  p r a c t i c a l  

p u r p o s e s   o n e  might as well u s e  the c o n t i n u o u s   m o d e l .  

However, f o r  t h o s e   s i t u a t i o n s  i n  which high f r e q u e n c y  

r e s p o n s e  i s  i m p o r t a n t ,  or i f  o n e  i s  interested i n  t h e  

b a s i c   u n d e r l y i n g   p h y s i o l o g i c a l   m e c h a n i s m ,  t h e  " f i n e  

s t r u c t u r e ' '  of d i s c r e t e n e s s   s h o u l d   n o t  b e  i g n o r e d .  It i s  

u n d e n i a b l e  that some  manner of d i s c r e t e   p r o c e s s i n g   e x i s t s  

i n  t h e  human c o n t r o l l e r .  That t h i s  d i s c r e t e   p r o c e s s  i s  

governed  by a s a m p l i n g   c l o c k  rather t h a n  a q u a n t i z a t i o n  

phenomenon seems a p p a r e n t  now. It i s  a l s o  a p p a r e n t  

that  a simple s i n g l e  f r e q u e n c y   c l o c k ,  e i ther  f r e e  r u n n i n g  

o r  s y n c h r o n i z e d   t o  t h e  i n p u t ,  i s  n o t  a f u l l y   c o r r e c t  

d e s c r i p t i o n ,  as  witness t h e  w i d e  v a r i a b i l i t y  i n  s ampl ing  

p e r i o d s   a n d  the r e l a t i v e l y  wide " sampl ing  peak" i n  the  

f r equency   domain .  Whether this v a r i a b i l i t y  i s  merely 

" b i o l o g i c a l   n o i s e "  or r e p r e s e n t s  some  manner  of a d a p t i v e  

c o n t r o l  i n  which t h e  s a m p l i n g  ra te  i s  i n c r e a s e d  as the  

d i f f i c u l t y  of t he  task i n c r e a s e s ,   r e m a i n s   t o  be i n v e s t i g a t e d .  
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P r e l i m i n a r y   r e p o r t s   o n   a n   e x t e n s i v e   s t u d y  of the  

s p e c t r a l   c h a r a c t e r i s t i c s  of  the  human o p e r a t o r  by 

McRuer, Krende l   and  Graham ( 43 ) f a i l  t o  reveal any 

s i g n i f i c a n t ,   s t a t i o n a r y   s a m p l i n g   p e a k .  Whether the 

i n p u t   c o n d i t i o n s   a n d   l e n g t h s  o f  r u n s   c o u l d   h a v e   c a u s e d  

the v a r i a b l e   s a m p l i n g   p e r i o d   t o  spread o u t  t h e  s p e c t r a l  

p e a k   u n t i l   u n r e c o g n i z a b l e   r e m a i n s   t o  b e  s e e n  i n  

e x a m i n a t i o n   o f  the f u l l   r e p o r t   o f  the  s t u d y .  If t h e  

sampl ing  peak i s  shown rea l ly  n o t   t o   e x i s t ,   b u t  i s  

merely a n  a r t i f ac t  of the v a r i o u s   i n v e s t i g a t o r s '   m e t h o d s ,  

t h e n   o n e  of  t h e  m a j o r   e x p e r i m e n t a l   f o u n d a t i o n s  of the  

sampled  data models  will have b e e n   d e s t r o y e d .  

A n o t h e r   v e r y   i m p o r t a n t   q u e s t i o n  r e l a t ing  t o  the  

s a m p l i n g   m o d e l s   c o n c e r n s  the c o r r e c t   p o s i t i o n   f o r  

t h e  s a m p l e r .  The Bekey,  Young  and E l k i n d  m o d e l s   p l a c e  

it j u s t  a f t e r  the summing p o i n t ,  t h e  Lemay-Westcott  and 

R a o u l t   m o d e l s   p l a c e  i t  i n  t h e  c e n t r a l   p r o c e s s o r  a f t e r  

some lead, and t he  Navas m o d e l   p l a c e s  i t  a t  the motor  

end.   Although t h i s  q u e s t i o n  may b e  o f   m o r e   i n t e r e s t   t o  

p h y s i o l o g i s t s   t h a n  t o  e n g i n e e r s ,  i t  r e m a i n s  a c h a l l e n g i n g  

o n e   i n   a n y   c o n s i d e r a t i o n   o f  sampled data  m o d e l s   f o r   t h e  

human c o n t r o l l e r .  



VI. ADAPTIVE  CHARACTERISTICS 
OF MANUAL  TRACKING 

Classes  AdaDtation 

Some of the  various  classes of adaptation  which  are of 

importance in biological  servomechanisms are shown  in 

F i g 6 6  (75). Of the  three  classes of adaptation  called  out 

in  the  schematic  diagram,  input  and  task  adaptation  will 

specifically  be  considered as important  aspects of the 

human  operator  in  his role as a manual  controller. By 

input  adaptation is meant  the  process  whereby  the  controller 

adopts  a  different  control  "policy" OF control loss  appro- 

priate  to the  characteristics of the input.  In  its  most 

obvious forms this  involves  the  recognition of repeatable 

patterns  in  the  input,  with  the  resultant  change of control 

from  compensatory  to  preconnitive  tracking.  Adaptation  to 

the  statistical  characteristics of the  input  also  falls in 

this class. 

The  task  adaDtatlon  processes  include  adaptation  to 

changes  in  controlled  element  gain or controlled  element 

dynamics, as well as instructions  and  constraints  concerning 

the  required  level  of  performance. 

Biolonical  adaDtatlOn is restricted to primarily 

sensory  phenomena,  and is not  considered in detail in the 
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d i s c u s s i o n   o f   m a n u a l   t r a c k i n g .  A f o u r t h   c l a s s  of adap ta t ion ,  

which may be m o r e   p r o p e r l y  called l e a r n i n g ,   i n v o l v e s  the 

development  of skills, which may be shown as c h a n g e s   i n  the  

toDology  of the m o d e l   I n p u t   o p e r a t o r ,  rather than simple 

changes i n  h i s  c o n t r o l  law. 

InDut   AdaDta t lon  

The simplest form of i n p u t   a d a p t a t i o n  i s  the a b i l i t y  

of  the human o p e r a t o r   t o   r e c o g n i z e   p e r i o d i c   i n p u t   s i g n a l s ,  

o r  even p e r i o d i c   c o m p o n e n t s  i n  the i n p u t  signal, and  use 

the p r e d i c t i v e   n a t u r e  of these s i g n a l s   t o   s y n c h r o n i z e  h i s  

r e s p o n s e .  The human o p e r a t o r   r e s p o n s e   t o  a s i n g l e   s i n u s o i d  

h idden  i n   n o i s e ,  shows g a i n   a n d  phase lag as i n d i c a t e d  by 

the q u a s i - l i n e a r   d e s c r i b i n g   f u n c t i o n s   f o r   c l o s e d   l o o p  

t r a c k i n g .  When the s i n u s o i d  i s  p r e s e n t e d  by i t se l f  however,  

the human " l o c k s   o n "   a n d   t r a c k s   a l m o s t   p e r f e c t l y .  The two 

time t r a c i n g s  of F i g . 6 7 ( 6 2 ) i n d i c a t e  the c l o s e d   l o o p   r e s p o n s e  

e x p e c t e d   o f   c o m p e n s a t o r y   t r a c k i n g  and the synchronous  

r e s p o n s e ,   a l s o  known as p r e c o g n i t i v e   t r a c k i n g .  The a b i l i t y  

o f  the human t o   d e t e c t  the p r e s e n o e  o f  a p r e d i c t a b l e  s i g n a l  

i n  a n  I n p u t   c o n s i s t i n g  of signal plus n o i s e  has been  treated 

by d e t e c t i o n   t h e o r y  ( 7 6  ).  L i t t l e  q u a n t i t a t i v e  work has 

b e e n   d i y e c t e d   t o  the problem  of  how t r a c k i n g   b e h a v i o r  i s  

affected by t h e  p r e s e n c e  of s t r o n g   p e r i o d i c   c o m p o n e n t s  i n  a 
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random  input  signal. As a  practical  matter,  most  input 

signals  encountered  in  usual  tracking  tasks  have a large 

predictable  portion  plus  some  additive  noise. 

A second  major  characteristic of the  input  to  which 

the  human  adapts i s  the  bandwidth of the  Input  signal. 

Using a series of input  spectra  containing  frequencies  from 

zero  to a given  cut-off  frequency,  Elkind ( 12 ) evaluated 

the  parameters of human  operator  quasi-linear  describing 

functions. He found  that  the  human  operator  reacted 

differently  in  tracking  low  frequency  inputs  than he did  in 

tracking  the  more  difficult  high  frequency  inputs. Specifl- 

cally, the gain  term  was  notably  reduced as the  input 

frequency  cut-off  increased,  and  the  amount of lag was also 

reduced.  The  break-Frequency of the  proportional  plus 

integral  term  increased for higher  frequency  inputs.  This 

parameter  adjustment is quite  in  accord  with  the  adjustments 

a  control  engineer  would  adopt  under  changes of input 

frequencies. For low  frequency  inputs, a "tight"  tracking 

loop  can  be  achieved by using  high  gain  and  almost  pure 

integration a8 the  control  law. For higher  Input 

frequencies  however  such a control  law  introduces  excessive 

phase-lag,  especially  since  the  high  frequency  response was 

necessarily  reduced 

the  input  frequency 

to avoid  instability.  Therefore,  when 

I s  high (0.4 to 2.4 radians per  second) 
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the  operator  adjusts h i s  transfer  function  by  accentuating 

the  high  frequency  response  through  change  in  lag  break 

frequency,  and  reduces his relative  gain at low  frequencies. 

AdaDtation  Controlled  Element  Gain 

It is well  known  that  the  human  operator  adjusts  his 

own  gain  in  accordance  with  the  gain of the  controlled  ele- 

ment to achieve a desired  open loop and  closed  loop  level 

of  perfopmance. Thus in  a  sports car a  small  deflection  of 

the  steering  wheel  will  result  in a fairly  large  rotation 

of  the  front  wheels  and  rate of turn,  while  in a large 

sedan  the  same  deflection  of  the  steering  wheel  will  typi- 

cally  result  in  a  much  smaller  front  wheel  deflection and 

rate of turn,  representing  two  different  levels of controlled 

element  gain.  Nevertheless  the  driver is capable of 

adjusting his own  gain  (from  error  in  heading or position 

to  steering  wheel  displacement) to achieve  acceptable 

levels of control far both  automobiles.  This is not  to 

imply  that an optimum  level  of  control  element  gain does 

not  exist, for it  most  certainly does ( 4 ) .  The operator 
- is, however,  capable of adjusting his level of gain so that 

the totai oDen  loop m l n  is close  to an optimal level. This 

adjustment  of  operator  gain  does  not  happen  only in such 

obvious  situations  but  may also be required  continuously in 

" 
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the  same task. For  example  in  riding  a  motorcycle,  the gain 

from  handlebar  deflection  to  "roll  angle" of the  motorcycle 

varies  with  the speed, and  the  rider  must  make  considerably 

more  energetic  movements  to  maintain  his  balance  at low 

speeds  than could be permitted  at  high speeds. This adap- 

tation  to  change  in  control  element  gain is of course 

below the  level of consciousness  and  comes  quite  naturally 

to  the rider. 

In  the  situations  described  above  the  operator  has  a 

great  variety of external  cues  to  indicate the controlled 

element gain. Recently  experiments  were  conducted in which 

the  controlled  element  gain  was  suddenly  switched  in  the 

course of tracking  with no external  cues  provided  to  the  oper- 

ator (85). He had only  the  resultant  change  in  tracking 

performance  to  indicate  to  him  that  a  change  in  his  own 

gain  or  polarity  was  required. A typical  example of a 

step  response  following  such  a  gain  increase is shown  in 

Figure 68. The controlled  element  gain for  this compensa- 

tory  tracking  task  was  nearly  doubled  between  the  first  and 

second  steps shown. In the subject's  response  to  the  step 

input  following  the  gain  increase  he  first  shows  a  consider- 

able  overshoot, as would  be expected,  and then  returns  the 

error  to  zero  with  one or two  subsequent  rapid  movements of 



approximately  the  right  magnitude,  indicating an adaptation 

to the new gain  level  following the first  significant  hand 

movement. Responses  to  subsequent steps at the new level 

of gain show  almost  perfect  adaptation.  Raoult,  in his 

thesis (56) finds step  response  adaptations  very  similar 

to those of Figure 68. To investigate  the operator's ability 

to  adapt  to  sudden  changes  in  gain  and/or  polarity of the 

controlled  element,  Young et. al. experimented  with  such 

sudden  switches  under  conditions of compensatory  tracking of 

low  frequency  continuous  random  input.  Figure 69 shows the 

process of adaptation  to a sudden  reversal of the  polarity 

of a simple  gain  control.  Notice  that  this  polarity  reversal 

converts  the  stable  closed  loop  negative  feedback  system 

into  an  unstable  positive  feedback  system  until  the  human 

operator  adapts by changing  his  own  control  polarity.  The 

upper  tracing  of Figure 69 showing  the  input  signal  (the 
smooth,  dark  curve)  and  the  subject's  response  indicates 

that for a period  of  approximately 0.5 seconds  following 

the  control  reversal  the  subject's  response was divergent, 

moving away from  the  input  and  increasing the error. Fol- 

lowing 0.5 seconds the adaptation  to  the  new  polarity  brought 

the  error  quickly  to  zero  and  tracking  continued as accur- 

ately as before  the  transition.  The  second  tracing  shows 

that  during  this  first 0.5 seconds  the  subject  continued  to 
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track as though  the  controlled  element  had  remained  in  its 

original  atate.  The  error  (third  tracing)  typically  shows 

a divergence  with a fast  return to  zero  and  then  continued 

smaller  magnitude. To remove  the  influence of variations 

in  Input  signal  at  the time of transition,  the  average of 

many  error  waveforms was calculated for each of these  tran- 

sitions.  Average  error  waveforms for the  polarity  reversals 

are shown in Figure 70. Notice  that  the  error  has  been 

detected,  identified,  and is being  reduced  within 0.5 

seconds  of  the  transition on the  average, and  tracking 

performance I s  almost  normal  within  one  second  following 

the  polarity  reversal.  Typical  time  records  for  sudden 

gain  increase,  gain  decrease  and  polarity  reversal  with 

gain  increase are shown  in  Figure 7la, b and c respectively. 

In  Figure  "la,  the  gain  increase  causes  the  closed  loop 

system  to  begin  to  break  into  oscillation  which is quickly 

damped after  approximately  one  full  cycle.  The  sudden  gain 

decrease,  resulting in a  very  sluggish  system,  produces  a 

small  amplitude  error  which is not  cancelled  out for sever- 

al  seconds, as seen  in  Figure  7lb.  The  combination of gain 

increase  and  polarity  reversal,  which  would  be  expected  to 

result in an unstable  response,  shows  many of the  charac- 

teristics of the adaptation  to  the  polarity  reversal  and  to 

the  gain  increase separately.  In Figure  7lc  the  response 



immediately  following the transition is the beginning of an 

exponential  divergence.  The  polarity  correction is followed 

by  oscillatory  behavior  similar  to  the case of a simple gain 

increase.  Notice  that for the  example  shown in Figure 7lc 

the  error is substantially  reduced in the  first two seconds, 

but  some  small  oscillatory  behavior is seen  throughout  the 

remainder of the  record. 

The  conclusion  from  these  studies  (in  which  the subjects 

were  well  trained  on  all  tracking  conditions  and  expected 

some  sort of control  element  change  although  not  knowing 

exactly  what or when) is that  the  major  control  adaptation 

generally  occurred 0.4 to 0.8 seconds  following a controlled 

element  change. The resulting  error is usually  reduced  to 

its asymptotic  level in the following  one  to  three  seconds. 

There is some  evidence  from  examination of the  time 

waveforms  in  the fine structure of the  adaptation  process 

t o  indicate  that  the  operator  adjusts  first his polarity  and 

second his gain  on  the  basis of sequential  samples  of the 

error. It is to be emphasized  that  the  extremely  rapid 

adaptation  times  shown  in  these  experiments are probably 

valid only for the  ideal  laboratory  conditions. In a prac- 
tical  situation,  in  which  changes in controlled  element  gain, 

polarity or dynamics are most  unusual, it is highly  unlikely 

that  such  rapid  adaptation  would  be  observed. 
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AdaDtation  Controlled  Element mnamics 

In  addition  to  adjusting  his  gain,  the  human  operator 

is capable of introducing a significant amount of dynamic 

cornpeneation  when  necessary  to  eaualize the  dynamics 

of the  controlled  element.  Considering  the  pure  time 

delay as inherent in the  human  transfer  function  and 

unchangeable,  the  nature of this  equalization is to 

maintain  the  open  loop  transfer  function,  including  both 

human  operator  and  controlled  element,  in  the  form of 

approximately a simple  integration  plus  dead  time.  Gain 

is adjusted  to  yield a gain crossover frequency of the 

order of one  cycle  per  second  with  damping  constant of 

0.3 - 0.6. The  operator's  equalization  and  gain  adjustment 

ability is reflected  in  the  following  lead-lag  term 

introduced by McRuer  and  Krendel  to  summarfze  many 

investigations: 

By increasing TL the  operator  can  generate  lead  and 

compensate for controlled  element  lags or dead times, or 

to increase  the  system  bandwidth. By generating  increased 

lag through an increase  in TI , the  operator  can  "tighten" 
his low frequency  response  and  filter  out  high  frequency 
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noise. K, the  operator  gain, may be adjusted  to  achieve 

the  desired  compromise  between fast "tight"  response  and 

stability. The form of model  proposed by McRuer  and  Krendel 

showing  the  human  operator's  equalization  ability is 

reproduced in Fig. 72 (42). They  separate  the  overall 
reaction  time  into  components for visual  latency,  central 

processing,  synaptic  and  conduction  delay,  and  kinesthetic 

reaction  time.  The  neuromuscular  system  including  both 

kinesthetic  and  proprioceptive  feedback  accounts  for 

the  "neuromuscular  lag" (l/TNS + 1). This model  with 

K adjusted  to  yield  overall  system  phase  margin  between 

40 and 80 degrees,  leads  to  human  operator  models  more 
closely  approximating  well  designed  servomechanisms,  than 

the  criterion of 60 to 110 degrees  phase  margin  previously 
put forward by the  same  authors ( 42). 

In  their  earlier  review,  based  on  the  work of  

Russell ( 57), Hall ( a), Tustin ( 78),  Goodyear  Aircraft 

( IS), and  the  Franklin  Institute,  McRuer  and  Krendel 

showed  that  the  operator  could  detect  and  compensate  for  the 

insertion of a simple  lag  in  the  controlled  element  when 

the  lag  time  constant was greater  than 0.05 seconds. As 

the  lag  time  constant  increased to greater  than  two  secondsJ 
it  appeared as a  pure  integration,  and  the  operator  produced 

sufficient  lead  to  cancel  his  own  internal  lag. 
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An extension  of  the  quasilinear  studies  to  determine 

the  human  operator  transfer  functions for use with controlled 

element  dynamics of second  and  third  order was carried 

out by Adams  and  Bergeron ( 2 ) .  Using an analog  computer 

model  reference  technique  to  track  the  parameters  of  the 

human  operator,  they  measured  operator  transfer  functions 

for eight  different  dynamics,  first,  second  and  third 

order,  in  a  single-axis  compensatory  tracking  task  with 

a  continuous  random  input.  They did  not include an 

explicit  dead  time  in  their  analog  model, for the  pilot 

but rather  expressed  it as 

KIT(l + - K2 s) 
Y ( s )  = z 
P (T + s ) 2  

Their  convention is retained  here  even  though it uses 

the  symbol T for frequency,  rather  than  time.  They 
tracked  the  parameters  K1,  and  K2.  The  results 

for  one  of  their  test  subjects is shown  in  Table 3 ( 2 ) .  

In  their  notation f o r  the  single-axis  task, D I s  the 

disturbance or the  input, E is the  displayed  error, 

& is the  pilot  output,  going  into  the  controlled  element 

dynamics,  and 0 is the  system  output.  In  some  cases 

the  measurements  were  open loop measurements  "across  the 

pilot'' ( s/< ) and  in  other  cases  they  were  closed  loop 



measurements  from  system  input  to  pilot  output ( 6 /D). 

In  the  case of the  open  loop  transfer  function  calculations, 

the  closed  loop (e/D) damping  constant  and 180° phase 

frequency  are  provided  in  the  table, as well as the 

location of real  roots  where  they  exist  for  the  closed 

loop.  The  man-machine  closed l o o p  system  response 

amplitude  ratio  and  phase  angle  for  these  dynamics  are 

shown  in Figs.  73 and 74 ( 2 ) .  It can  be  seen rrom the 

table or the  closed  loop Bode plots  that as the  controlled 

element  dynamics go from  pure  gain  to  first  order  lag  to 

pure  integration  the  pilot  increases  his  lead ti:ne constant 

to  counter  the  effect  and  leaves  the  closed loop response 

almost  unchanged.  Further  lag  introduced  into  the 

controlled  element  (as  in  the  damped  second  order 

system)  results  in  somewhat  greater  closed  loop  phase 

lag  and  the  first  indication  of  a  resonance  in  the  closed 

loop amplitude  ratio. For controlled  element  dynamics of 

the  various  second  crder  systems,  the  third  order  system 

and  the  pure  double  integration  the  effect  on  the  closed 

loop is to  decrease  the  relative  damping  constant  and  the 

natural  frequency. The bandwidth  of  the  closed  loop 

system is thus  reduced by higher  order  systems  than  first 

order.  Furthermore  the  existence  of  large  peaks  in  the 

amplitude  ratio  with  accompanying  increase  in  phase  lag, 

particularly for  the  pure  acceleration ( 10/s2) indicates 
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a c o n s i d e r a b l e   o s c i l l a t i o n   i n  the f r e q u e n c y   r a n g e  

0.5 t o  1.0 c p s .  It s h o u l d  be  n o t e d  wi th  r e f e r e n c e   t o  

the s e c t i o n  of t h i s  r e p o r t   o n  sampled data models ,  tha t  

these f r e q u e n c y   r e s p o n s e s  were p r e s u m a b l y   c a l c u l a t e d   o n  

the basis o f  t h e  three m o d e l   r e f e r e n c e   p a r a m e t e r s   a n d  t h e  

c l o s e d   l o o p   d y n a m i c s ,   a n d  were n o t   t a k e n   f r o m   s p e c t r a l  

a n a l y s i s ;   t h e r e f o r e  the lack of the " sampl ing  peak" i n  

t h e  a m p l i t u d e   r a t i o  i s  n o t   s u r p r i s i n g .  

A t r a c k i n g   r e c o r d  wi th  p u r e   a c c e l e r a t i o n   c o n t r o l  i s  

shown i n  Fig. 75 ( 2 ) .  Two f e a t u r e s   a r e   o f   s p e c i a l  

i n t e r e s t  here. I n  the s e c o n d   t r a c e   s h o w i n g  d i s p l a y e d  

e r r o r   n o t i c e  t he  e x i s t e n c e  o f  t h e  pe r iod ic   componen t  

of  t h e  e r ror ,  a t  much h igher  f r e q u e n c y  t h a n  any component 

of the  i n p u t .  The average f r e q u e n c y   o f  these o s c i l l a t i o n s  

i s  0.6 t o  0.8 cps,  and  i s  p resumab ly  a p i l o t  i n d u c e d   c l o s e d  

l o o p   o s c i l l a t i o n .  Also o f   i n t e r e s t  i s  the t h i r d  l i n e ,  

t he  p i l o t   o u t p u t  ( 6 ) .  A l t h o u g h   e n g a g e d   i n  a c o n t i n u o u s  

t r a c k i n g  task the  p i l o t  rarely moves h i s  c o n t r o l  s t i c k  

i n  a s m o o t h   c o n t i n u o u s   f a s h i o n ,   b u t  rather jerks it  

r a p i d l y   f r o m   o n e   e x t r e m e   t o   a n o t h e r .   T h i s   d i s c o n t i n u o u s  

p i l o t   b e h a v i o r  when c o n f r o n t e d  with higher o r d e r   d y n a m i c s  

has b e e n   n o t e d  by o t h e r s ,   a n d  leads t o  the h y p o t h e s i s  tha t  

when a great deal o f  phase lead i s  n e c e s s a r y  the human 

o p e r a t o r   o p e r a t e s   i n  a b a n g - b a n g   c o n t r o l   f a s h i o n  rather 

t h a n  as a c o n t i n u o u s   c o n t r o l l e r .  
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A possible  explanation  for  this  bang-bang  behavior 

when  the  controlled  element has excessive  lag is that 

for  proper  system  operation  the  operator  must  keep  in  mind 

the  first  and  second  time  integrals of his  response. To 

perform  these  integrations  with  continuous  control  requires 

memory  of  the  length  of  time  and  the  amplitude of his 

control  responses,  whereas  with a pure  bang-bang  controller 

the  operator is required  only  to  remember the length of 

time in each  position,  with  the  amplitude  variation 

removed.  On  this  basis  it  should  be  expected  that  when 

sufficient  operator  lead is required  he  should  be  able 

to  perform  better  with a bang-bang  controller  than  with 

a continuous  controller.  Kilpatrick  performed  these 

experiments  and  found  that  this  was  indeed  the  case. 

A schematic  of  his  experimental  situation is shown  in 

Fig. 76 ( 3 2  ) .  When  the  controlled  element  dynamics 

were 1O/s or 

difference  between  the  two  types of controllers.  With a 

very  difficult  controlled  element  requiring  more  lead 

(1O/s ( s  + l)), the  average  mean  square  error for the 

linear  controller  was 50s higher  than  that for the  real 

controller.  (Difference  in  means  significant  at  the 

5$ level.)  Since  the  input  noise was filtered  with  break 

frequencies  at 0.2 to 0.5 radjsec,  the  resulting  input 

was  quite  challenging  and led  to  large  errors for both 

2 10 
S W 3  + 1)' there  was no  significant 
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controls. The difference  in  the  basic  behavior is 

therefore  more  clearly  seen  in  the  case of zero  input, in 

which  the  operator is merely  tracking  his  own  response  and 

causing self induced  oscillations.  The  subject's  response 

and  error is shown for the  relay  controller  in  Fig. 77a 

and  for  the  continuous  controller  in  Fig. 77b (32 ) .  

Notice  that  even  though  the  operator  uses  the  continuous 

controller  in a more or less  bang-bang  fashion,  he is able 

to  use  the  bang-bang  controller  in  a  Dulse  control 

fashion to achieve  considerably  lower  error  and  avoid 

the  self  oscillation.  The  frequency of the  self  oscillation 

found  with  the  continuous  controller I s  approximately 

0.25 C ~ S .  

Even  more  interesting  than  the  steady  state  equaliza- 

tion  introduced by the  operator for any  given  controlled 

element  dynamics, is the  adaptation  process by which  he 

changes  his  control  law  when  confronted  with a change  in 

controlled  element.  In an extension of the  experiments 

described above for sudden  changes  in  gain  and  polarity, 

Elkind  et  al.  permitted  the  controlled  element  dynamics 

to  change as well,  among  pure  gain,  single  integration 

and  double  integration.  In  the  tracking  record  shown 

in Fig. 78 ( 1 3 )  the  operator  was  suddenly  confronted 

with  the  introduction of a double  integration  at  the  same 

time as a controlled  element  polarity  reversal  and  gain 



increase. The polarity  reversal was detected  and  corrected 

in  approximately  one  second,  after  which  followed a period 

of damped  oscillation  lasting f o r  as long as twenty 

seconds.  Although one to  two  cycles  of  oscillatory  behavior 

were  noted as a result of a  simple  gain  increase, t h e  

extended  oscillation  must  be  attributed to the  operator's 

delay in achieving  the  correct  lead  equalization  and  proper 

gain  for  the  new  double  integration.  The  oscillation is 

of  frequency 0.5 to 0.7 cps,  which is approximately  the 

180' phase  angle  frequency f o r  the  system  with  reaction  time 

delay,  residual  control  integration,  and  external  double 

integration. 

A tracking  record  showing  operator  adaptation  to  sudden 

change  in  controlled  element  dynamics  taken  under  situations 

more  closely  approximating a realistic  emergency is shown 

in  Fig. 79 ( 5 8 ) .  The  result is taken  from  a  test of 

the  pilot's  ability  to  control  in  the  pitch  axis of a moving 

flight  simulator  when  the  auxilfary  pitch  damping  system 

suddenly  failed. The effect  on  the  controlled  element  was 

t o  greatly  decrease  the  effective  damping  constant of 

the  second  order  dynamics  while  leaving  the  undamped 

natural  frequency  constant.  The  damping  constant  prior 

to  the  simulated  failure  was  approximately 5 = 0.3  

resulting  in an scceptable  pilot  rating.  Following  the 
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damper failure  the  effective  damping  was  reduced  to 

approximately 5 = 0.04, which  was  rated  unacceptable  in 

the  steady  state.  The  tracking  record  shows  several 

evaluation  steps by the  pilot  to  determine  the  "feel"  of 

the  pitch  loop,  and  then  approximately 25 seconds of 

tracking  a  low  frequency  random  input. At the  time  the 

damper  failed,  the  closed  loop  man-machine  system  went 

into  unstable  oscillation,  and  continued  a  wild  oscillation 

of  approximately  one  cycle  per  second for more  than 

18 seconds.  During  the  unstable  period  the  pilot  was 

undergoing  peak  pitching  angular  accelerations a s  high 

as 60'/sec . When  the  errors  were  finally  reduced,  the 

steady-state  tracking  was  considerably  poorer  than  that  with 

the  pitch  damper  in  the  loop,  but  nevertheless  did  show 

pilot  adaptation. 

2 

Evidence from several  aircraft  accident  reports  indicated 

that  control  system  failures  in  the  form of gain  changes, 

stability  augmentation  failures or polarity  reversals, 

have  caused the  aircraft  to  lose  control and  crash, 

even  though  a  pilot  might be capable  of  controlling  under 

these  unexpected  conditions.  Planes  are  found  crashed 

with  the  controls  "hard  over"  in  the  wrong  direction, 

indicating  that  the  pilot  did  not  recognize  the  nature  of 

the  change  in  the  controlled  element,  and did  not  assume 



the corr.ect adaptive  procedure  early  enough.  Since  such 

failures  most  often  happen  on  take-off,  with  very  little 

time  to  test  the  response,  it is not  surprising  that  the 

human  operator  adaptive  characteristics  described  above 

are not  immediately  called  into  play  in  such  unexpected 

circumstances (11 ) .  

As shown in the  tracking  records of Young  and  Elkind 

above,  the  human  adaptation  process  can  be  very  rapid 

under  ideal  conditions. To achieve  the  most  rapid 

adaptation  the  operator  should  be  thoroughly  trained  on 

the  controlled  elements  both  prior  to  and  following 

the  switch  and  should  be  operating on  only  one  control 

loop  at  a  time. He should  be  presented wi th  sufficiently 

challenging  input  to  call  forth  a  continual  series of 

basic  responses  and  thereby  quickly  identify  any  changes  in 

control  characteristics by the  resultant  change  in  error 

pattern.  Early  detection  and  adaptation is aided by the 

use of a  pursuit  display,  which  allows  immediate  identifi- 

cation of changes  in  response  characteristics,  and also by 

the  use  of a secondary  signal,  such as a  tone o r  warning 

light,  which  alerts  the  operator  to  the  change  in  conditions. 
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Limits  Controllabilits 

Although  the  ability of the  human  operator t o  adapt 

to a wide  variety of controlled  element  dynamics,  as 

discussed  above,  gives  him  great  versatility,  it is 

nevertheless of considerable  interest to determine  the 

limits of controlled  element  dynamics  to  which  the 

human  operator  can  adapt  for  satisfactory  closed  loop 

performance.  It  has  long  been  recognized  that  some 

limitation  exists  in  the  human's  ability  to  generate 

sufficient  lead  to  overcome  the  lag  inherent in  a control 

element  described by more  than  two  integrations.  External 

filtering of  the  input or output  to  the  operator,  in  terms 

of  auickenlnq or aided  trackinq,  has  been  widely  used  to 

assist  the  operator  in  generating  the  lead. 

Estimated  limits of controlled  element  dynamics 

which  can  be  successfully  controlled by the  human  operator 

may  be  derived  from  the  general  quasilinear  model 

discussed  above, in  which  the  operator is permitted  the 

introduction of a  single  lead  term (TLS + 1). With  no 

lag  terms  present, as TL increases  the  operator  describing 

function  approaches  that of a reaction  time  plus  pure 

differentiation.  The  highest  lead  time  constant  published 

in  the  literature is TL = 5, (40 ) although  the  maximum 



single  lead time  constant  selected  in  a  recent  report 

by Jex  et  al. ( 3 O ) ,  places  the  highest  value of TL at  about 

2.0 seconds.  Smith  investigated  the limit of controllability 

using an unstable  second  order  control.  system of the  form 

With $ negative  and  less  than  one,  the  transient 

response  of  the  controlled  element  to  an  impulse is a 

divergent  oscillation. As 5 becomes  more  negative 

the  envelope of the  response  becomes  more  divergent,  and 

therefore  more  difficult  to  control.  Similarly  larger 

values of un corresponding  to more rapid  oscillations, 
increase  the  difficulty of control. At several  values of 

negative  damping,  Smith  experimented  to  rind  the  maximum 

natural  frequency of the  controlled  element  which s t i l l  

peymitted  the  operator  to  maintain  adequate  control,  which 

was arbitrarily  defined as the  ability  to  maintain  the 

system  error  within  selected  bounds f o r  a two minute  run. 

His  results are shown  in T a b l e  4 ( 61). ) .  Figure 80 ( 64 ) 

shows  the  expected  limits of controllability as predicted 

on the  basis of the  quasilinear  model  by  Jex  et  al.  and 

as revised  on  the  basis  of  Smith's  data.  The area 
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representing  controlled  elements  with  dynamics  below  and 

to the  right  of the heavy  lines  are  assumed  controllable 

and  above  and  to  the  left  uncontrollable. The dotted 

lines  represent  hypothetical  mode  switching  lines. It is 

assumed  that  when  the  divergent  oscillation is clear 

enough  the  operator  can  recognize  the  sinusoidal  form 

and  switch  from  compensatory  tracking  to  quasi-precognitive 

tracking,  thereby  greatly  reducing  his  reaction  time  and 

increasing  his  effective  lead.  Jex  et  al.  would  place 

this  response  mode  switching  line  at 5, = -0.2 saying 

that for  more  negative  damping  the  response  becomes 

quasi-precognitive,  whereas  Smith's  data  would  place 

this  line  at  approximately = -0.5. It is seen  that 

f o r  both t h e  pure  compensatory  and  quasi-precognitive 

data,  Smith  found  the  operator  capable  of  generating 

more  lead  than  would  be  Indicated by the  simple  single 

lead  term of the  McRuer  and  Krendel  form  of  the  model. 

On the  basis of the  operator's  input-output  characteristics 

with  the f = -0.7 controlled  element  dynamics, 

Smith  found  the  following  describing  function: 

s n  
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This  operator  model  results  in a stable  closed  loop  system 

for the  controlled  element  under  investigation,  although 

one  with  comparatively  low  phase  margin of 14 degrees. 

For the  other  data  point,  at = -0.35 and w = 7.2, 

which  results in a great  deal  of  oscillatory  response,  it 

is necessary  to  assume  that  the  operator has recognized 

this  oscillatory  behavior  and  switches  to a form  of 

quasi-precognitive  tracking  which  enables  him  to  reduce 

his  reaction  time  delay  from 0.15 seconds  to 0.02 seconds, 

resulting  once  again  in  a  phase  margin  of  14  degrees. 

s n  n 

It is of importance  to  note  that  in  the  operator 

transfer  function  described by Smith it was  necessary  to 

assign  two  lead  terms,  indicating  that  the  operator is 

somewhat  sensitive  to  error  acceleration, as well as 

velocity. These  findings  appear to  be  substantiated 

by the  investigations  of  Fujii (16 ) .  

Learning and PerceDtion:  Compensatorv,  Pursuit and 
Precognitive  Tracking 

The  human  operator  can  assume  different  control 

characteristics  according  to the nature  of  the 

information  display, as well as the  controlled  element 

or  task.  In  the  compensatory  display  situation,  which 

has  received  the  greatest  attention,  the  subject  observes 

only  the  error  between  input  and  response. Any 
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separation of input  from  response  must  be  accomplished 

by the  operator  through  observation of the  statistical 

characteristics of the  error,  knowledge of his  own 

past output, or pattern  recognition  applied  to  the 

error.  In  the  pursuit  task,  input,  response  and  error 

are  displayed  explicitly  and  give  the  operator  greater 

opportunity  to  observe his own  response  and  recognize 

characteristics of the  input. For relatively  simple 

tasks  with ''easy"  controlled  element  dynamics  and  random 

input,  there is no important  difference  in  performance 

between  the  compensatory  and  pursuit  displays ( 8  ) .  

For  tasks  involving  difficult  input  signals or controlled 

element  dynamics  requiring  significant  operator  lead, 

the superiority of the  pursuit  display  has  been  established 

(60). The  explicit  input  information  in a pursuit 

display  permits  the  operator to make  predictions  about 

the  input  and  therefore  establish  the  necessary  lead 

required f o r  stable  closed  loop  performance.  In  precogni- 

tive  tracking  the  "display" is assumed  to  show  the  entire 

future  course  of  the  input,  whether  this  future  course 

is directly  exhibited or is stored  in  the  subject's 

memory as a result of repeated  observation of the  same 

input.  Synchronous  tracking  of a sinusoidal  input as 

described above is a simple  example of precognitive 

tracking. 
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Since  it  has  been  well  established  that  the  existence 

of the  finite  reaction  time  of 0.1 t o  0.3 seconds is one 

?of the  major  limitations  to  the  human  operator's  ability 

in  compensatory  tracking,  other  toRoloaica1 confimrations 

must  be  assumed  to  explain  his  enhanced  performance  in 

pursuit  or  precognitive  tracking.  Krendel  and  McRuer 

indicate  three  representations  for  the  human  operator 

corresponding t o  these  three  different  display  conditions 

in  Fig. 81 ( 3 6  ) .  In  the  compensatory  situation  the 

operator  observes  only  the  error.  In  the  pursuit 

situation he has  performance  blocks  acting  on  error, 

input  and  response,  although  it is established  that  the 

response  block is probably  not  used  for  anything  except 

perhaps  controlled  element  adaptation.  The  precognitive 

situation is represented by a  "stored  program" of response 

which is triggered by the  appropriate  input  in  the  synchro- 

nous  generator.  Elkind's  describing  functions (12 ) 

support  such  a  topology by showing the reduced  phase lag 

for pursuit  tracking as compared  to  compensatory  tracking 

and  demonstrating  that  this  difference  can  be  described 

by a  lead  term (Y ) acting  on  the  input. 
Pi 

Krendel  and  McRuer  hypothesized  a  model  for  skill 

development  based  on  "successive  organizations of perception" 

(SOP) In which It i s  assumed  that  the  operator  passes 



through  all  three  topological  phases  shown  in  Fig. 81 

in  learning ang tracking  task.  First,regardless of the 

display  modality  the  operator,  they  claim,  begins by 

concentrating  on  the  error. As he  recognizes  certain 

characteristics of' his  response  and  becomes  aware of the 

predictability of the  input,  he uses this  information  to 

behave as though he were  in a pursuit  tracking  situation. 

Note  that  any  input  signal  other  than  white  noise  will 

have  some  predictability  even  if  it is not a periodic 

signal.  Any  input  correlation  function  other  than an 

impulse  at  zero  indicates  that  the  position of the  input 

or  its  derivatives may be  partially  predicted  at  some 

future  time  based  on  its  current  position  and  derivative. 

Finally,  when  periodic or otherwise  predictable  inputs 

are  recognized  and  learned,  the  subject  begins  to  respond 

with  well  practiced  movements  and is effectively  tsacking 

precognitively.  An  example of this  internal  topographical  re- 

arrangement was seen  in  the  discussion of Smith's  results 

on  the  limits of controllability. 

It is clear  that  the  simple  case of compensatory 

tracking,  although  amenable  to  mathematical  modeling, 

is not  representative of most  realistic  human  tracking 

situations.  Consider for example the role  of a pilot 

trying  to  keep h i s  plane  straight and level In the 
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presence of wind  gusts.  Under zero  visibility  conditions, 

referring  only  to his artificial  horizon,  he  might  be 

considered  in a compensatory  loop.  However, he is familiar 

enough  with  the  response of the  plane  to  control  inputs 

to  be able to  separate  the  disturbance  from  the  control 

responses,  and  therefore is effectively  in a pursuit 

situation. The effects  of  other  inputs  to  the  operator 

including his tactile  and  vestibular  sensations  in  response 

to  acceleration  give  him  further  cues  (sometimes  erroneous) 

to  the  control  corrections  required. 

Although  pursuit  tracking  and  multiple  input 

control  involve  more  difficult  mathematical  description, 

it is hoped  that  they  will  receive  attention  in the 

future,  especially as the  newer  methods of control  theory 

for  multi-input  control  becomes  more  widely  known (45 ) .  

Measures of AdaDtation 

The  above  discussion  has  used  primarily  steady  state 

measurements  to  demonstrate  that  the  human  adapts  from  one 

situation  to  another,  but  sheds  little  light on the  nature 

of the  adaptation  process. The measurements  show  that  he 

changes  from  one  state  to  another  (adapts)  but  they do 

not  show how he  performs  this  adaptation,  what  information 
he  uses,  or  how  rapidly  the  adaptation is performed. 
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None of the  attempts  to  measure the dynamic  characteristics 

of  this  adaptation  process  have  been  completely 

successful,  although  they have served  to  place  bounds on 

the  process.  There is a fundamental  problem  in any 

attempt to identify  the  time  varying  characteristics of 

a control  system  without  the  use of special  test  inputs. 

To observe  the  dynamics of the  adaptation  to  changes 

in  forcing  function  display  modality  and  controlled  element 

dynamics,  Sheridan  automatically  calculated  the  operator's 

gain  and  phase  at  each  of  five  forcing  function 

frequencies (61). Because  the  filters  for  performing 

the  frequency  analysis  themselves  have  a  rather  long 

response  time,  the  operator's  characteristics  could  only 

be measured  every  fifteen  seconds,  thereby  setting a 

lower  limit  of  time  resolution  that  could  be  observed 

in  the  adaptation  process. He  found  that  adaptation  to 

change  from  pursuit  to  compensatory  display  change  in 

controlled  element  dynamics or input  adaptation  to  a 

predictable  or  random  input  took  place  within 30 seconds, 

or  within  two  measurement  points.  It is felt  that  because 

of the  time  limitation of the  analysis  method  the  results 

merely put an upper  bound  of 15 to 30 seconds on this 

adaptation  process  but  did  not  accurately  reflect  the 

adaptation  times. For longer  adaptation  processes,  however, 



Y 

such as in learning" a totally  new  response  pattern, 

the  operator's  characteristics  continue  to  change  over 

a period  of  several  minutes  and are so indicated by 

Sheridan's  method. 

11 

An  example  of  the  type  of  results  found by Sheridan 

is shown in Fig. 82 (62 ). In this  case  the  display 

was changed  from  compensatory  to  pursuit  at  time  zero. 

The  operator's  characteristics are shown  in  the  complex 

plane for  four  test  frequencies,  at  each  of  six  test 

points.  The  test  point  zero  was for the  compensatory 

display,  and  shows  a  gain  of  slightly  less  than  one  and 

a phase  lag  increasing  with  frequency  up  to  nearly goo 

at  the  highest  frequency = 0.93 cps). During  the 

minute  following  the  transition to pursuit  display  the 
5 

operator  increases  his  gain  and  decreases  his  phase  lag, 

especially  at  the  higher  two  frequencies.  This  reflects 

the  increased  amount of lead  possible  with  the  pursuit 

display,  and  shows  that  this  lead is developed  gradually 

over  the  first 45 to 60 seconds. 

Several  attempts  have  been  made  to  construct  rapid  and 

stable  analog  computer  techniques for real  time  parameter 

adjusting or ''parameter  tracking"  to  follow  the  dynamics 

of  the  human  operator  adaptive  process.  Ornstein ( 52) 

has  proposed  a  technique  based  on  the  analog  computer 

1.26 



determination  of  the  coefficients of a linear  differential 

equation  describing  the  human.  The "model reference" 

adaptive  control  system  developed by  Osburn  and  Whitaker 

( 53)  at M.I.T. has been  used  to  have the  "model" 

track  the  pilot's  behavior,  rather  than  forcing  the  unknown 

control  system  to  conform  to a desired  model.  The 

mechanization of this  technique, as used  by  Adams  and 

Bergeron is shown  in  Fig. 83 ( 2 ),  in  which  the  filter 

characteristics f o r  each  parameter  should  be  selected 

to give  a  steepeet  descent  correction of the  analog 

pilot,  forcing it to approach  the  characteristics  of  the 

actual  pilot. In all  of  these  methods a compromise  must 

be  struck  between  stability of the  parameter  tracking 

and  speed  of  response. Since  the  operator's  response 

includes a remnant  term,  which  may  be  considered as output 

noise,  and  since  the  model  chosen  may  not  be  the  most 

appropriate,  attempts  to  adjust  parameters  based  on  every 

occurrence of an  error  between  the  analog  pilot  and  the 

actual  pilot  will  naturally  cause  the  system  to  oscillate 

or diverge.  Although  tracking  of  single  parameters  may be 

accomplished  quite  rapidly,  it  remains  to be seen  whether 

such  gains  can  be  made  rapid  enough to  track  the  complex 

gain,  polarity  and  equalization  changes  which  occur so 

rapidly  in  the  human  operator  under  certain  conditions. 



Returning  to  the  measure of the  adaptive  character- 

istics  through  the  frequency  response,  Elkind et  al. ( 14 ) 
have  developed a multiple  regression  analysis  technique for 

rapid identification of  time  varying  linear  systems,  and 

applied  it  to  the  human  pilot  adaptation  problem. For 

reasonable  confidence  levels, and  under  the  types  of  low 

frequency  inputs  used  in  human  tracking,  this  technique 

can give a plot  of  amplitude  ratio  and  phase  every  five 

seconds,  which is considerably  faster  than  that  used 

by Sheridan. An example  of  the  use of this  technique is 

shown  in  Fig. 84 ( 13). The  Bode  plots are of  the  human 

operator  input-output  characteristics  before  and  following 

a change  in  controlled  element  dynamics  from 2 to 7 , 
at  tine to. The  required  adaptation  should  consist  of a 

reversal In phase  by 180' and a  reduction  in  amplitude 

ratio of 6db . Prior  to  the  transition  low  frequency 

phase is at  about -180' and  low  frequency  amplitude 

ratio  at  about +gdb with  some low frequency  lead as 

- 4  +8 

required  for  stabilization of the  acceleration  control 

(upper  diagram). In the  middle  diagram,  taken  from  three 

to  eight  Eeconds  following  the  transition,  it is seen 

that  the  polarity  reversal by the  human has already  taken 

place,  with  the  phase lag changed  to  zero  degrees,  but 

that  the  gain  has  been  over-compensated.  Finally,  in  the 

lower  portion of the  figure,  from 8 t o  13 seconds  following 

12 8 



the  transition  it is seen  that  the  amplitude  ratio is 

restored to approximately 6db below its  pre-transition 

curve,  and  the  adaptation is nearly  complete. This 

measurement  technique  shows  great  promise  in  understanding 

the nature  of  the  human  operator  adaptive  mechanism, 

particularly for complex  transitions  in  which  the  time 

domain  records  do  not  clearly  show  the  changes  in  the 

control  law. 

The  primary  limitation  on  the  use  of  frequency 

analysis  and  parameter  tracking  in  some of the  very 

rapid  human  adaptation  processes is clearly  one of 

response  time. For this  reason a return to time  domain 

analysis is indicated.  Individual  tracings of operator's 

response  or  system  error  may  not  give a clear  indication 

of  the  adaptation  process  because  of  the  dnterfering  effects 

of the  input,  or  operator  response  uncorrelated  with  the 

input  or  the  adaptation  process.  The  use of average 

response  computation,  which  has  proven so popular  in  the 

field  of  electrophysiology,  may  be  used  satisfactorily 

for  bringing  out  those  features  which  are  consistent in 

almost  all  occurrences of a particular  type of adaptation. 

Some of these  average  wave  forms  were shown  in the  discussion 

of adaptation to gain  changes, and another  set is shown  in 

Fig. 85a,b, c ( 85 ) . The average  waveforms  shown  were 



e a c h   t a k e n   f r o m   t w e n t y   t r a n s i t i o n s   o f   c o n t r o l l e d   e l e m e n t  

g a i n   u n d e r   p u r s u i t   t r a c k i n g .   T h e   u p p e r  t r a c i n g  i s  f o r  

a s i m p l e  p o l a r i t y  reversal, the m i d d l e  f o r  a r e v e r s a l  

i n c r e a s e  and  the l o w e r   f o r  a reversal d e c r e a s e .   N o t i c e  

that  they a l l  show t h e  b e g i n n i n g   o f  a d i v e r g e n c e  as a 

r e s u l t   o f  the  p o l a r i t y   c h a n g e ,  a n d  t h a t  t h e  reversal 

p o i n t   o c c u r s  f i rs t  f o r  the  reversal i n c r e a s e ,   n e x t   f o r  

t h e  s t r a i g h t  reversal  a n d  la tes t  O f  a l l  f o r  t h e  reversal 

d e c r e a s e ,   i n d i c a t i n g  that  i t  i s  pe rhaps  the e x t e n t   o f  t h e  

d i v e r g e n c e   w h i c h  a l e r t s  the s u b j e c t   t o   t h e   r e q u i r e m e n t   f o r  

p o l a r i t y  reversal .  Other c h a r a c t e r i s t i c s   s u c h  as t h e  

o s c i l l a t o r y   b e h a v i o r   a s s o c i a t e d  w i t h  a g a i n  i n c r e a s e  

and  the s l o w   a d j u s t m e n t   c h a r a c t e r i s t i c   o f  a g a i n  d e c r e a s e  

a re  a l s o   b r o u g h t   f o r t h   q u i t e   c l e a r l y   i n  t h e  a v e r a g e  

w a v e f o r m s ,   a l t h o u g h   t h e y  are  less o b v i o u s  i n  t h e  i n d i v i d u a l  

time r e c o r d s .  

The u s e  of r a p i d   i d e n t i f i c a t i o n   t e c h n i q u e s ,  e v e n  i f  

n o t  " real  time" i d e n t i f i c a t i o n ,  made p o s s i b l e   t h r o u g h  

i n s p e c t i o n  of time domain r e s u l t s   s h o u l d   n o t  b e  o v e r l o o k e d  

when t h e  i d e n t i f i c a t i o n   p r o b l e m  p r e s e n t s  a s e r i o u s  time 

r e s t r i c t i o n .  

Models for Human A d a D t i v e  T r a c k i n g  

A "model" i s  a m a t h e m a t i c a l   d e s c r i p t i o n   o f  a 

p r o c e s s   c a p a b l e   o f  making a c c u r a t e   p r e d i c t i o n s   a b o u t  



the b e h a v i o r  of the p r o c e s s   u n d e r   s i t u a t i o n s  which had n o t  

p r e v i o u s l y   b e e n  tes ted.  As of this  time there  are no 

p u b l i s h e d   s u c c e s s f u l  models f o r  the a d a p t i v e  charac te r i s t ics  

of  t h e  human o p e r a t o r .  The d e s c r i p t i o n s   p u t  f o r t h  either 

d e s c r i b e  the end s ta tes  reached by the human opera tor ,  

w i t h o u t   i n d i c a t i n g  the  means by which the a d a p t i v e  process 

takes  p lace ,  or they f a l l  i n t o  t h e  catagory of v e r y   g e n e r a l  

" s c h e m a t i c "  models. These schematic mode l s  a l l  r e c o g n i z e  the 

extreme c o m p l e x i t y   o f  t h e  p r o b l e m   o f   q u a n t i t a t i v e   d e s c r i p t i o n  

o f  the human a d a p t i v e  p r o c e s s   a n d  of fe r  i n s t e a d  a set o f  

g u i d e l i n e s ,  hypotheses a n d  c o n s t r a i n t s  t o  b e  cons idered  i n  

t h e  a c t u a l  task o f   b u i l d i n g  a detailed model .  

The s t u d y   o f   a d a p t i v e   c o n t r o l ,   c u r r e n t l y  of great 

i n t e r e s t  among t h e  c o n t r o l   e n g i n e e r s  i s ,  n e v e r t h e l e s s ,  

a r e l a t i v e l y   r e c e n t   t o p i c .   E l e c t r o m e c h a n i c a l   a d a p t i v e   c o n t r o l  

systems, d e v e l o p e d  pr imari ly  f o r   a i r c r a f t ,   a e r o s p a c e   a n d  

c h e m i c a l   p r o c e s s i n g   a p p l i c a t i o n s ,  are  s t i l l  r e l a t i v e l y  

p r i m i t i v e   i n  t he i r  p e r f o r m a n c e   i n   c o m p a r i s o n  t o  the human 

opera tor  a d a p t i v e  a b i l i t y .  It i s  no s u r p r i s e  therefore 

that  we are  u n a b l e   t o   m o d e l  the  human ope ra to r  a d a p t i v e  

c h a r a c t e r i s t i c s  u s i n g  the c u r r e n t   t e c h n i q u e s  of a u t o m a t i c  

c o n t r o l .  This s e c t i o n  will therefore be  d e v o t e d  t o  t h o s e  

schematic models which appear most r e a s o n a b l e ,   a n d .  which 

c a n n o t  be  e i ther  p r o v e d  o r  d i s p r o v e d  a t  t h i s  time. 
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T h e r e  are  two d i f f e r e n t  classes of models  which may 

b e  u s e d   t o  descr ibe  the a d a p t i v e   p r o c e s s   i n   c o m p e n s a t o r y  

t r a c k i n g ;  t h e  " m o d e l   r e f e r e n c e "   a n d  the ' ' e r r o r   p a t t e r n  

r e c o g n i t i o n "   m o d e l s .   F i g u r e  86 shows the b a s i c   e l e m e n t s  

o f  the  m o d e l   r e f e r e n c e   a p p r o a c h   t o   d e s c r i p t i o n   o f  human 

a d a p t i v e  t r a c k i n g .  A l l  o f  t he  d o t t e d   l i n e s   c o r r e s p o n d   t o  

h y p o t h e t i c a l  p a t h s  i n  the  a d a p t i v e  p r o c e s s ,  whereas the 

s o l i d  l i nes  c o r r e s p o n d   t o  the c o n v e n t i o n a l   c l o s e d   l o o p  

c o n t r o l  diagram. The heart of t h i s  scheme i s  t h e  box 

labeled ' ' m o d e l   o f   c o n t r o l l e d   e l e m e n t "  which r e p r e s e n t s  

the o p e r a t o r ' s   c o n c e p t  of what the o u t p u t   s h o u l d  b e  

d o i n g  based on the r e s p o n s e  he has g i v e n  i t .  The 

d i f f e r e n c e  between t h i s  e x p e c t e d   o u t p u t   a n d  t h e  e x p e c t e d  

i n p u t   ( d e d u c e d   f r o m   a n y   k n o w l e d g e  of t h e  e r r o r  s ta t i s t ics  

o r  repeatable i n p u t )   r e s u l t s   i n   a n   e x p e c t e d   c h a n g e   i n  

the  e r r o r  ( d l ) .  When t h i s  e x p e c t e d   c h a n g e  i s  compared 

wi th  t h e  a c t u a l   c h a n g e   i n   e r r o r   o b s e r v e d   o n  the d i s p l a y  

(G), a d e v i a t i o n  between the model o f  t h e  p r o c e s s   a n d  the 

a c t u a l   p r o c e s s  is i n d i c a t e d .  The " d e v i a t i o n  f i l t e r "  r e j ec t s  

i n s i g n i f i c a n t   d e v i a t i o n s  but passes " i m p o r t a n t "   d e v i a t i o n s  

between what happened  and what was e x p e c t e d   o n   t o  the  

" a d a p t i v e  c o n t r o l   o p e r a t o r " .  T h i s  b l o c k   p r o d u c e s   c h a n g e s  

i n  the o p e r a t o r ' s   c o n t r o l  law t o   c o m p e n s a t e   f o r   a s s u m e d  

c h a n g e s   i n  the c o n t r o l l e d   e l e m e n t ,   a n d   s i m u l t a n e o u s l y  

u p d a t e s  t h e  o p e r a t o r ' s   h y p o t h e t i c a l   m o d e l   f o r  t h e  c o n t r o l l e d  

element. 



An e r r o r   p a t t e r n   r e c o g n i t i o n  type of model,  as  

i l l u s t r a t e d  i n  Fig.  87 i s  based on the premise tha t  the 

o n l y   i n f o r m a t i o n   u s e d  by the o p e r a t o r  i n  p e r f o r m i n g  h i s  

a d a p t a t i o n  i s  t h e  d i s p l a y e d  e r r o r .  I n  the " e r r o r  p a t t e r n  

r e c o g n i t i o n   l o g i c "  t h e  o p e r a t o r   p r e s u m a b l y  s i f t s  the p r e s e n t  

and p a s t  e r r o r   s e a r c h i n g   f o r  p red ic t ab le  c o m p o n e n t s   o r   o t h e r  

s i g n i f i c a n t   e r r o r   c h a r a c t e r i s t i c s .   D i s c o v e r y  of a r e p e t i -  

t i v e  p a t t e r n ,  p o s s i b l y  by a p r o c e s s   s u c h  as a u t o c o r r e l a t i o n  

of the  e r r o r ,   w o u l d   e n a b l e  the o p e r a t o r   t o   f o r m  a s t o r e d  

program r e s p o n s e .  Such a s t o r e d   p r o g r a m   c o u l d   t h e n  

be t r iggered i n   p r e c o g n i t i v e   t r a c k i n g ,  thereby bypass ing  

the  i n h e r e n t  o p e r a t o r   r e a c t i o n  time. Examina t ion  of 

e r r o r   c h a r a c t e r i s t i c s  might be u s e d   t o   d e t e c t   c h a n g e s  i n  

t h e  c o n t r o l l e d  e l emen t  as reflected i n   c h a n g e d   c l o s e d  

loop   pe r fo rmance .  A d i v e r g e n t   e r r o r ,   g r o w i n g  inc reas ing ly  

large w i t h o u t   c h a n g i n g   s i g n ,   m i g h t  b e  a c h a r a c t e r i s t i c  of 

p o s i t i v e   f e e d b a c k  a n d  c a u s e  t h e  o p e r a t o r   t o   c h a n g e  t h e  s i g n  

of h i s  c o n t r o l  law. R e g u l a r   o s c i l l a t i o n  of the e r r o r  might 

i n d i c a t e  the  n e e d   f o r  the  o p e r a t o r   t o   r e d u c e  h i s  g a i n  and  

pe rhaps  i n t r o d u c e  some  dynamic  compensat ion.   Conversely 

a " s l u g g i s h "  system i n   w h i c h  the e r r o r   a p p r o a c h e s   z e r o  

very s l o w l y   f r o m   s o m e   i n i t i a l   c o n d i t i o n   c o u l d  b e  i n t e r p r e t e d  

by the parameter a d j u s t m e n t   l o g i c   t o   i n d i c a t e  the  

r e q u i r e m e n t   f o r   i n c r e a s e d   o p e r a t o r   g a i n .  This  t y p e  o f  



error p a t t e r n   r e c o g n i t i o n  model a s s u m e s   n o   k i n e s t h e t i c  

o r  p r o p r i o c e p t i v e  feedback a b o u t  the  o p e r a t o r ' s  r e s p o n s e .  

A r e c e n t   p a p e r  by Knoop  and  Fu (34 ) p r o p o s e s   a n  

a d a p t i v e   m o d e l  based on the model r e f e r e n c e  scheme. 

T h e i r   n o n - a d a p t i v e  model for t h e  human opera tor ,  as shown 

i n  F ig .  88 (34 ) ,  i n c l u d e s  a model of the p l a n t  t o  e n a b l e  

t he  o p e r a t o r  t o  " look ahead" i n  programming h i s  b a s i c  

r e sponse   movemen t s .  I n  t h i s  r e s p e c t  i t  bears a great  

similarity t o  t h e  W i l d e  and  Westcott-Lemay models 

descr ibed eerlier . T h e  model i s  based on  t h e  u s e  

of f i x e d  l e n g t h   c o n t r o l   i n t e r v a l s   c o n t a i n i n g   " s a c c a d i c "  

t y p e  b a s i c  r e sponse   movemen t s .   The  system p e r f o r m a n c e  i s  

presumably e v a l u a t e d  a t  the end o f  each o f  these c o n t r o l  

i n t e r v a l s ,  which are w o r k i n g   p e r i o d s ' '  as opposed  t o  the 

s a m p l i n g   p e r i o d s   i n  t h e  sampled data m o d e l s .   T h e i r  schematic 

b lock  diagram f o r  the a d a p t i v e   c o n t r o l   p r o c e s s   i n c l u d e s  t h e  

u s e   o f  t h e  same p l a n t   m o d e l   m e n t i o n e d  ear l ier ,  wi th  d i f -  

f e r e n c e s   b e t w e e n  t h e  a c t u a l   p l a n t   a n d   m o d e l   p l a n t   r e s u l t s  

b e i n g   u s e d   t o   i d e n t i f y   a n d  modify t h e  p r o c e s s ,  as i n  

I 1  

Fig .  89 ( 36 1 

A more detailed s c h e m a t i c  model f o r  t h e  human o p e r a t o r  

i n c l u d i n g  h i s  a d a p t i v e  c a p a b i l i t i e s  was proposed  by R a o u l t .  

An a d a p t a t i o n  of h i s  b l o c k  diagram is g i v e n  i n  Fig.  90 (56 ). 

The lower half  of the diagram c o n s i s t s  of the model f o r  



c o m p e n s a t o r y   t r a c k i n g .   T h e   e r r o r ,   m a g n i f i e d  by a n  

o p t i c a l   d i s p l a y   g a i n  ( K  ) i s  d e t e c t e d   o p t i c a l l y ,  as 

r e p r e s e n t e d  by the low-pass  f i l t e r  Oe(s )   and  the v i s u a l  

t h r e s h o l d   b l o c k .   T h e   e r r o r   a n d   e r r o r  ra te  are d e t e c t e d  by 

the eye, a n d   e r r o r   a c c e l e r a t i o n  i s  a s s u m e d   c a l c u l a t e d  by 

a 

d i f f e r e n t i a t i o n  of e r r o r  ra te .  T h e s e   t h r e e   q u a n t i t i e s  

a re  weighted by  t h e  c o n s t a n t s  a,  b ,  and  c i n  the 

''command computer" .   The d e s i r e d  b a s i c   r e s p o n s e  movement 

i s  t h e n   s a m p l e d   e v e r y  T s e c o n d s  for a d u r a t i o n  of  

8 s e c o n d s ,   m u l t i p l i e d  by t h e  o p e r a t o r ' s   g a i n  K and 

i n t e g r a ' c e d   t o  y i e ld  the desired s t ep  command t o  t h e  m u s c l e s .  

T h e   c o n t r o l l o r  i s  assumed t o   o p e r a t e  w i t h  l o c a l   k i n e s t h e t i c  

f e e d b a c k   f r o m  t h e  a c t u a l  arm d i s p l a c e m e n t   b a c k   t o  t h e  

musc le s ,   and  t h e  c o n t r o l l e d   e l e m e n t   o u t p u t  i s  f e d  back 

t o  t h e  i n p u t  summing p o i n t .  A h i e r a r c h y   o f   a u x i l i a r y  

o r g a n s  i s  h y p o t h e s i z e d   t o   d e s c r i b e  t h e  o p e r a t o r ' s  a d a p t i v e  

c h a r a c t e r i s t i c s .  A t  the  t o p  of t h i s  h e i r a r c h y  i s  t h e  

" d e c i s i o n   c e n t e r ' ' .   T h e   d e c i s i o n   c e n t e r   c h o o s e s   b e t w e e n  

c o n v e n t i o n a l   t r a c k i n g  or g e n e r a t i o n  of commands based on 

p r o g r a m s   s t o r e d   i n  memory. I n  t h e  c a s e  o f  t h e  p r e d i c t a b l e  

s i g n a l ,   d e t e c t e d   a n d   s t o r e d   i n  memory, t h e  d e c i s i o n   c e n t e r  

o p e n s  the ' ' s w i t c h e s ' '  A and A t o  p e r m i t  t h e  ' 'release 0.15' 

e x p e c t e d   r e s p o n s e ' '   t o  t r igger  the  des i r ed  o u t p u t   f r o a  t h e  

memory.  The " c o r r e l a t i o n  memory" i s  u s e d   f o r   a d j u s t m e n t  of 

t r a c k i n g  parameters based o n   m i n i m i z a t i o n  of mean a b s o l u t e  

e 

e c  
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e r r o r   o r  mean s q u a r e   e r r o r  of the  o v e r a l l  system. The 

a d j u s t m e n t  of p a r a m e t e r s  i s  based on spectral  a n a l y s i s  of 

t h e  i n p u t  and e r r o r .   T h e   p a r a m e t e r s   w h i c h  may be a d j u s t e d  

are t h e  f i l t e r  time c o n s t a n t s  (b/a and  c / a ) ,  the time 

between samples (T,) and  d u r a t i o n  of each sample ( e ) ,  
the o p e r a t o r ' s   g a i n  (Kec/Ki) a n d  the g a i n   a n d  time 

c o n s t a n t   o f  t h e  m u s c l e   l o o p .  

T h i s  s c h e m a t i c  diagram c o n t a i n s  elements o f   b o t h  the 

m o d e l   r e f e r e n c e  and  e r r o r   p a t t e r n   r e c o g n i t i o n  classes,  and  

c o n t a i n s ,  i n  common wi th  E l k i n d ' s  model (13 ), t h e  

p o s s i b i l i t y  of a d a p t a t i o n  a t  t h e  f o r c e  g e n e r a t i n g   e n d  of 

t h e  human c o n t r o l l e r .  The c o n c e p t  o f  a d a p t i v e  c o n t r o l  

t h r o u g h   v a r y i n g  t h e  sampl ing  r a t e ,  w i t h  higher  s a m p l i n g  

f r e q u e n c y   c a l l e d  f o r  when the e r r o r  ra tes  increase,  has 

been p roposed  by several i n v e s t i g a t o r s   b u t  s t i l l  l a c k s  

e x p e r i m e n t a l   v e r i f i c a t i o n .  

Summary AdaDt ive  C h a r a c t e r i s t i c s  

T h e   e x p e r i m e n t a l   s t u d i e s   a n d   c o n t r o l   d e s c r i p t i o n s  o f  

the human o p e r a t o r   i n   r e c e n t   y e a r s  have e x t e n d e d  t h e  

knowledge o f  a d a p t i v e  b e h a v i o r   i n   m a n u a l   t r a c k i n g   f r o m  

v a g u e   g e n e r a l i t i e s   t o   q u a n t i t a t i v e   d e s c r i p t i o n s .  A con- 

siderable amount of data has been  gathered on t h e  a b i l i t y  

of the human t o  adap t  t o   c h a n g e s   i n   I n p u t   s p e c t r a ,   c o n t r o l l e d  



e l e m e n t   g a i n ,   p o l a r i t y   a n d   d y n a m i c s ,  d i s p l a y  m o d a l i t y ,  

and  t h e  limits of c o n t r o l l a b i l i t y   u n d e r  a v a r i e t y  of 

s i t u a t i o n s .  These r e s u l t s   h a v e   i n d i c a t e d  a greater 

a d a p t a t i o n   v e r s a t i l i t y   t h a n   e x p e c t e d  from some ear l ie r  

d e s c r i p t i o n s ,   b u t   h a v e   a l s o   p o i n t e d   o u t  some o f  t h e  res t r ic ted  

c o n d i t i o n s   u n d e r ’ w h i c h  the r a p i d  human a d a p t a t i o n  may b e  

e x p e c t e d  t o  be  d e m o n s t r a t e d .  

When i t  comes t o   e x p l a i n i n g  how the  human manages 

h i s  remarkable a d a p t a t i o n  ab i l i t i e s ,  very l i t t l e  real  

p r o g r e s s  has been  made. Improvement i n  t h e  t e c h n i q u e s  

for dynamic  measurement  of t he  a d a p t i v e   p r o c e s s  have 

b e e n   h e l p f u l   i n  t h i s  regard b u t  s t i l l  f a l l  s h o r t   o f  what 

i s  r e q u i r e d   t o   o b s e r v e  t h e  c h a n g e   i n   c o n t r o l  law. Primarily 

as a r e s u l t   o f  the  m e a s u r e m e n t   l i m i t a t i o n   a n d  t h e  l a c k  of 

s u f f i c i e n t   k n o w l e d g e   a b o u t   a d a p t i v e   c o n t r o l  systems i n  

g e n e r a l ,  the deve lopmen t   o f  models  f o r . h u m a n  a d a p t i v e  

c o n t r o l  has been  l i m i t e d  t o  the very g e n e r a l   “ s c h e m a t i c  

mode l s”  a t  th i s  time. 
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Figure 1. Compensatory ( a t   t o p )  and pursuit   c losed  loop manual 
tracking  systems:  schematic   displays and funct ional  
block  diagrams.  (Krendel E McRuer, 1960) 
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Figure 3 .  Freewheeling  experiment.  (Stark, 1961) 
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Fig.  4a. Rapid-succession movements: freewheeling.  (Stark,  1961) 
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Fig. 5 BIOSIM block  diagram of a simple  motor  coordination  system. 

2 
Constants: I = 1 /10  kg-m2 ; k = 0.0014 -, * k' = 0.014 m ;  

rad rad 

4 = 0 .01  meter; t h e  i n i t i a l   c o n d i t i o n  on t h e   i n t e g r a t e r s  is zero. 

(Atwood e t  al., 1961) 
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F i g u r e  7. Comparison of  BIOSIM model w i t h  Fenn  and 
Marsh e x p e r i m e n t s .  The p l o t s  show s t r a i n  
i n   m u s c l e  v s  time. S o l i d   l i n e s   r e p r e s e n t  
data f rom t h e  BIOSIM model; dashed l i n e s  
show t h e  similar s h a p e   o b t a i n e d  by Fenn 
and  Marsh, when n o r m a l i z e d   s t r e t c h   a n d  
time a re  c o r r e c t e d  t o  t h e  p h y s i o l o g i c a l  
s c a l e  of man. ( T h e   c o r r e c t i o n s  a r e  s u g g e s t e d  
by H i l l . )  The pa rame te r   no ted   on  t h e  c u r v e s  
i s  t h e  n o r m a l i z e d   l o a d ,  

F load  
Fi so 

( S t a r k ,  Houk, Willis and   E lk ind ,   1962)  



Figure 8a. Comparison of BIOSIM model  with  experiment. 
The solid  curve  shows  the  force-velocity 
relationship of the BIOSIM model;  the 
dashed  curve,  the  force-velocity  relation- 
ship of f r o g  muscle as obtained by Katz. 
For  frog  muscle Po = 0.1 kg, v = 4 cm/sec. 

(Stark,  Houk,  Willis,  and  Elkind,  1962) 
0 

I I .~ 
- 0 . 5  -0.17 0 0 . 5  

f m 
V 

NORMALIZED  VELOCITY 

Figure 8b. Force-velocity  relationship of BIOSIM 
model. (a = 1, maximal  stimulation; 
a = 0.5, half-maximal  stimulation.) 

(Stark,  Houk,  Willis  and  Elkind,  1962) 



I ' 1  
t -  

F i g u r e  9.  Exper iment  performed with t he  BIOSIM model. 
Fm i s  t h e  t o t a l   f o r c e   e x e r t e d  by  t h e  musc le ,  

m u s c l e   v e l o c i t y ,   e x c i t a t i o n  i s  maximal.  The 
time t was n e c e s s a r y   f o r  the model t o  overcome 
i n e r t i i   a n d  reach c o n s t a n t   v e l o c i t y .  (S t a rk ,  
Houk, WilLis and  E l k i n d ,  1962) 

x Is t h e  m u s c l e   d i s p l a c e m e n t ,  v i s  
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t 
T 

I " 
LUMPED  TENDON STIFFNESS LUMPED  INTRAFUSAL  NUCLEAR  BAG VISCOSITY 

FIBER STIFFNESS AND STIFFNESS 
AND  VISCOSITY 

Fig. 10 ( a )  Diagram  showing a simplified  muscle  with  one of i ts  in-  
p a r a l l e l   s p i n d l e   r e c e p t o r s  removed  from the   musc le   fo r  
ease o f   i l l u s t r a t i o n .  

(b)  Mechanical model of a sp indle   receptor .   Inputs  are X, 
( length  of   the  muscle)   and X ( a r t i f i c i a l  length  caused 
by a n   i n p u t   t o   t h e   i n t r a f u s a r   f i b e r ) ;   t h e   o u t p u t  is XSB 
( l eng th  of the  nuclear   bag) .  
(Houk and Stark, 1962) 
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Figure I l a .  The response of t h e   s p i n d l e   r e c e p t o r   t o  
a s t ep   i npu t  of s t r e t c h .  (Houk & Stark,   1962) 

'SA I 

Figure l l b .  The t o n i c   i n p u t - o u t p u t   c h a r a c t e r i s t i c  of 
the  spindle   receptor .   (Grani t ,   1958)  



MECHANICAL  TRANSFER 
FUNCTION NONLINEARITY TO PREVENT 
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MAXIMUM AND MINIMUM 
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'SA 
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Fig. 12a. Complete block  diagram of t h e   s p i n d l e   r e c e p t o r  model. 
Inpu t s  are muscle length   and   length   tha t  is due t o  
gamma input  and t o   i n t r a f u s a l   f i b e r ;   o u t p u t  is average 
number of pulses   per   second.  

Fig. 12b. Asymptotic Bode p l o t s  of the  gain  and  phase  character-  
istics of H(S), t h e  transfer funct ion  of   the  mechanical  
p a r t  of t h e   s p i n d l e   r e c e p t o r  model. 
(Houk and Stark, 1962) 



.. . . 

Fig. l3a. Response of sp ind le   r ecep to r   t o   s inuso ida l   d r ive .  Length 
o f   v e r t i c a l   l i n e s   i n  t o p  record is p r o p o r t i o n a l   t o   i n t e r v a l  
between success ive   nerve   pu lses  from spindle;  peak-to-peak 
change in  instantaneous  frequency, -40 pps. Bottom record 
shows s inuso ida l  component of s p i n d l e   s t r e t c h ,   t h e   i n p u t  
(frequency ~ 0 . 0 3  cps) .  (Houk, Sanchez & Wells, 1962) 
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Fig- 13b Frequency response of a frog spindle  receptor. 
Rough asymptotes  have  been drawn on the gain Curve. 
(Houk, Sanchez & Wells, 1962) 
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Fig. 1 4  ( S t a r k ,   I i d a  and Willis, 1961) 
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Fig- 15 ( S t a r k ,   I i d a   a n d  Willis, 1961) 
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Fig. 19 (Stark, . I i d a  and Willis, 1961) 
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Fig. 23 (Stark, I ida & Willis, 1961) 
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Fig. 24 (Stark; I i d a  & Willis, 1961) 
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Fig. 25 (S tark ,  I i d a  & Willis, 
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0 Amplitude of central f requencyf  5 O  
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Fig. 26 (Stark, I i d a  & Willis, 1961) 
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Figure 28. Time function  records of angular  target  position and angular wrist 
handle  position: (a) random steps  (b)  regular  square waves a t  0.5 cps 
(c) regular  square waves at 0.9  cps  (d)  regular  square waves a t  2.5 cps, 
here  the bottom trace  has  both  target and handle  angular  velocity  super- 
imposed. (Houk e t   a l . ,  1962) 
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Figure 29. Sequential  order of response  time  delays f o r  both  the eye and the 
hand i n  simultaneously  recorded  experiment  with  input a t  0.5 cycles  per 
second. (Okabe e t   a l . ,  1962b) 
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1.2 c p  

WSWNSE TIME E I A Y  ISECI 

Figure 30. Histograms of response  time  delays f o r  hand and  eye (a) random 
targe t  (b) regular square waves at 0.5 cps (c) regular square waves a t  
1.2  cps . (Okabe e t  a1 . , 1962a) 

Figwe 31. Dependence of median response  time  delays upon input  square wave. 
Sol id   l ine shows wrist tracking;  broken  line eye tracking. (Okabe e t  al., 
1962a) 



Figure  32. Time func t ion   o f   t a rge t , ,   eye  and  hand, p o s i t i o n   f o r  
two f requencies   o f   input   square  wave. (a) 0.5  cps 
(b) f o r  random t a r g e t   p o s i t i o n   s t e p s  ( c )  2.5  cps. 

(Okabe e t  a l .  , 1962a) 
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SOUARE-WAVE 
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Figure 33 .  Time func 

W A R E *  
VISUAL 

IYPUT 
-cw 

tion  of  targe , eye and  hand posit ion:   (a)  shows 
eye  tracking movement sequence  spontaneously halting 
w i t h  no apparent e f f e c t  on hand tracking. (b) shows 
poor to  absent  eye  tracking when  hand i s  s t i l l  and 
marked improvement of  eye  tracking  in  association w i t h  
hand tracking. (Okabe e t  a l . ,  1962a) 
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Figure 3 4 .  Mobility  analog of mechanical  parameters of 
apparatus and  hand under experimental  conditions. 
(Okabe et  al., 1962b) 



Figure 35. Mechanical  (a) and ( c )  ; and v i s u a l ,  (b) and (d) , 
impulse  experiments a t  two l e v e l s  of tension.  
(a)  and (b) relaxed;  (c)  and (d)  tense.  (Okabe 
et  a l .  1962b) 
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Fig. 36 Freewheeling  or  succession movement experiment.  In ( a )  subject was 
i n s t r u c t e d   t o   o s c i l l a t e  as fast as possible;   antagonist   muscle went 
qu i t e   l ax .   In  (b) lower t race,  sub jec t  was i n s t r u c t e d   p r i m a r i l y   t o  
minimize  dis turbance  emor due to   poss ib l e   i n j ec t ed   mechan ica l  i m -  
p u l s e   a n d   s e c o n d a r i l y   t o   o s c i l l a t e  a t  t h e  same amplitude as r ap id ly  
as possible;   antagonist   muscles  always  maintained  considerable  tone,  
thus   pos i t ion   cont ro l   sys tem  s lowed  osc i l la t ion .  (Stark, I ida  & 
b J i l l i S ,  1961) 
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Figure 37. Mechanical  parameters of hand as functions of tension. 
JH is rotational inertia in newton-meters-second2- 
radians-1; BH is viscosity in  newton-meters-second- 
radian-'. and KH spring constant in  newton-meter- 
radian-'.) (Okabe et  al., 1962b) 
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Fig,, 38 Root locus of the p o s i t i v e   p o l e  o f  a complex 
pair f i t t e d  t o  h,(t) and hf(t). The s c a l e s  
are imaginary  frequency ad and real frequency 
i n  radian-seconds''. (Okabe  e t   a > .  , 1962b) 
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VOLUNTARY  FOREARM TENSENESS (MM Ha) - 
Figure 39. Parameters of visual and mechanical 

impulses as function of tension. 
(Okabe et al. , 1962b) 



TIME - 1-20 SECONDS -1 

Figure 40. Discontinuous  change  of hand p o s i t i o n  
to   s low  target  ramps. (Stark, Okabe, 
& Wil l i s ,   1962)  
" " 

0' 

CWZO' 

Figure 41. Response to pulses  showing t i m e  de lays  and 
refractory  period when pulse  widths  are 
unpredictable .   (Stark,  Okabe & W i l l i s ,  1962) 
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p """"""""_ """""7 HUMAN  OPERATOR  MODEL 

F i g u r e  42. Sampled-Data  Model a f t e r  Ward.(Bekey t h e s i s )  
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F i g u r e  43. Zero a n d   F i r s t   O r d e r  Hold C i r c u i t s . ( 5 e k e y   t h e s i s )  
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Figura  44. Proposed  Sampled-Data  Model of t h e  
Human Operaton  (Bekey thesis) 

I 
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F i g u r e  45. Comparison of Exper imen ta l   and   Ana ly t i ca l   Va lues  
of Output Power S p e c t r a l   D e n s i t y   ( B e k e y ,  IFAC) 
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Figure 47. The sampled-data  model. 
(Lernay G Westcott  , 1962) 
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sampled-data  model 

wi th   de lay   der ived  

f rom  the   ope ra to r ' s  

r e s p o n s e   t o   s t e p   i n p u t s  

C 
t 

Figure 48. Model w i th   p red ic to r .  
(Lemay & Westcott  , 1962) 

Figure 49. Operator  and  model  velocity  outputs.  
(Lemay G Westcott ,   1962) 



~ P O S l l l C U  ""-.- 

L 

Figure 50. Sampled da ta  model f o r  eye  t racking movements 
(Young & Stark,  1963) 

188 



Input  Display  Error - 
Handle 

Qi Human QO 

- - 

d 
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Input  Display  Error - 
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Posi t ion  

Figure 51. Open Loop 
(a )  Simple Model 
(b) More general  block  diagram. 
(Navas,  1963) 



Figure 52. Open loop  responses,  handle  loaded w i t h  f r i c t i o n  
and ine r t i a .   S t ep   r e sponses .   Ver t i ca l   s ca l e  4'/div., 
h o r i z o n t a l   s c a l e  0.5 sec /d iv .   except  c and d ,  
50 msec/div.  (Navas, 1963) 
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Figure 53. Responses t o  randomlike  combinations of ramps. Inertia 
and f r i c t i o n  added. Input scale 6O/div. Output s c a l e  
4O/div. Time i n  seconds  indicated.  (Navas, 1963) 
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Figure 54. Further  responses t o  randomlike  combinations of ramps. 
Input scale 6O/div. Output scale 10°/div. Time i n  
seconds  indicated. (Navas, 1963) 
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Figure 55. Proposed  model for  pursuit  tracking of unpredictable 
inputs  . (Navas , 196 3 
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Figure 56. Proposed  hand  tracking model. (Elk ind ,   Kel ly ,  & Payne, 
1964) 
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Figure 58. Records of hand t r a c k i n g  of a parabola.  
(Elk ind ,   Kel ly ,  E, Payne, 1964) 
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Figure  59. Raoul t ' s   sampled   da ta   model  for manual   t rack ing .  
(Raoul t  , 1962 ) 
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Figure 60. Nyquist diagram for Raoult's model. 

1.97 

(Raoult , 1962 1 



Figure 61. Comparison of Raoul t ' s  model ou tput  (Y,) with human 
response ( Y )  i n   t r ack ing   p seudo  random inpu t  ( X ) .  
( Raoult , 1962 ) 

RIGHT 
CONTROL 

STEP  SIGNAL ACCELERATION 
OSCILEOPE HUMAN DYNAMICS 

DISPLAY OPERATOR 1 
2 

* - 
S 

CONTROL 
S I  GNAL 

Figure 62. Block  diagram of manual ly   operated  re lay 
control   system. (Pew, 1964) 



error velocity as a function of time; ( c )  e m r  vdocity as a 
function of wmr diaplaccment. 

(a) h r  displacement cu a function of time; (b) 

+a t 

Figure  63.  Graphic  records of operator performance on a slngle tr ial  
of the  experiment. (Pew, 1964) 

Figure  64. I l l u s t r a t i o n  of a phase-plane  switching locus which may 
be used t o  predict an operator's  switching  performance. 
( Pew, 1964) 



Figure 65. Block  diagram of sampled-data  model for one  channel  (Kohlhaas,  1962) 
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Figure 66. Various classes of adapta t ion  of impor tance   in  
biological   servomechanisms.   (Stark & Young, 1963) 



'FORCING FUNCTION 

Figure 67. Typical p a r t s  of a closed loop response (at  top )  
and a synchronous  response t o  a simple  sinusoid. 
(Krendel E McRuer 1960) 
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F i g u r e  68. S tep  r e sponse   be fo re   and  a f t e r  a g a i n   i n c r e a s e .  
(Young,  Green,  Elkind E Kel ly ,   1964)  
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Figure  69. Time t r a c i n g   w i t h   p o l a r i t y   r e v e r s a l .  (young, Green, 
E l k i n d  E K e l l y ,  1964) 
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Figure 70. Average e r r o r  waveform w i t h  p o l a r i t y   r e v e r s a l .  
(Young,  Green, Elkind & Kelly,  1964) 
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Figure  71  a ,b ,c   Typical  time r e c o r d s   f o r  suddeu  gain  increase,  
ga in   dec rease   and   po la r i ty   r eve r sa l   w i th  gain 
increase .  (Young , Green,  Elkind, E Kelly  1964) 
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Figure 72. McRuer & Krendel Model of Human Operator. (McRuer & Krendel 1962)  
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Figure 73. Closed-loop  frequency  response  with  pilot E. The 
curves are i d e n t i f i e d  by t h e  dynamics of t h e  
simulated  closed-loop  equations. (Adams E Bergeron, 
1963) 
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Figure 74. Closed-loop  frequency  response  with  pilot E. The 
curves   a re   ident i f ied  by t h e  dynamics  of t h e  
simulated  closed  loop  equations. (Adams E 
Bergeron , 196 3)  
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Figure 75. A t r a c k i n g  record wi th   pu re   acce le ra t ion   con t ro l .  
Dynamics 1O/s2 (Adams & Bergeron, 1963) 
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Figure 76. Block  Diagram of t h e   c o n t r o l  loop. ( K i l p a t r i c k ,  1964) 
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F i g u r e  77a & b. Operator error a n d   r e s p o n s e  
10 - 

s2(s  + 1 )  

a )  B a n g - b a n g   c o n t r o l .  
b) C o n t i n u o u s   c o n t r o l .  

( K i l p a t r i c k ,   1 9 6 4 )  
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Figure  78. Track ing   r eco rd  fo r  Y,(s) = K/S 2 showing   s accad ic  
movements. A t  t Y ( s )  changed from +2 to -8/s2 

( E l k i n d ,  Kelly and Payne, 1964)  
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Figure 79. Time h i s t o r i e s  of t y p i c a l  pitch-damper f a i l u r e .  
(Sadoff ,  1962) 
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a. Conlpensatory  'situation representing  the initial  phase of the progression seqnence. 
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b. Pursuit  situation representing the second phase of the progression sequence. 
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c Open outer loop representing the synchrorious phase of the progression seqnencc. 

Figure  8la,b,c.  Three  representations  for  the human opera tor  
corresponding t o  t h r e e   d i f f e r e n t   d i s p l a y  
conditions.  (Krendel E McRuer, 1960) 
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Figure 82. Sample  median c h a r a c t e r i s t i c s   o f  human ope ra to r  
systems  fol lowing  change  in   display  f rom compen- 
s a t o r y  t o  pursui t   (0 ,1 ,2 ,3 ,4,5 are a t  0,7*5,15, 
30,45,60 sec  after change; 6 is average   for   next  
minute (Shepidan , 1962 1 
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Figure 83. Block  diagram of test  equipment. (Adams E 
Bergeron,  1963) 
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Figure 84. Bode p lo t s   o f  human c o n t r o l l e r   d e s c r i b i n g  
func t ions   ob ta ined  from success ive  f i v e  
second  samples of e r r o r  and s t i c k   s i g n a l s  
before  and af ter  a change i n  Y c ( s )  from 
-4/s2 t o  +0/s2. (Elkind,  Kelly.  E Payne, 1964) 
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Figure 85a,b,c. Average e r r o r  waveforms wi th   d i f f e ren t  
t ypes  of t r a n s i t i o n .  (Young,  Green, Elkind 
E Kelly,  1964) 
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Figure 86. "Model Reference" model for  human 
adapt ive  t racking.  
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Figure 87. E r ro r   pa t t e rn   r ecogn i t ion  model f o r  human 
adapt ive  t racking.  



Figure 88. Proposed  block  diagram of t h e  human opera tor .  
(Knoop E Fu, 1964) 
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Figure 89. Block  diagram of proposed  system  including  adaptive 
mechanism.  (Knoop E Fu, 1964) 
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Figure 90. Raoult’s  schematic model for  human 
adap t ive  tracking. (Raoult  , 1962) 


